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ABSTRACT 
Nanostructured zeolites, in particular nanocrystalline zeolites, are of great interest 
due to their efficient use in conventional catalysis, separations, and emerging 
applications.  Despite the recent advances, fewer than 20 zeolite framework types have 
been synthesized in the form of nanocrystallites and their scalable synthesis has yet to be 
developed and understood.  Geopolymers, claimed to be “amorphous cousins of zeolites”, 
are a class of ceramic-like aluminosilicate materials with prominent application in 
construction due to their unique chemical and mechanical properties.  Despite the 
monolith form, geopolymers are fundamentally nanostructured materials and contain 
zeolite nanocrystallites. 
Herein, a new cost-effective and scalable synthesis of various types of 
nanocrystalline zeolites based on geopolymer chemistry is presented.  The study includes 
the synthesis of highly crystalline discrete nanorods of a CAN zeolite framework 
structure that had not been achieved hitherto, the exploration of the Na−Al−Si−H2O 
kinetic phase diagram of hydrogels that gives SOD, CAN and FAU nanocrystalline 
zeolites, and the discovery of a unique formation mechanism of highly crystalline 
nanostructured FAU zeolite with intermediate gel products that possess an unprecedented 
uniform distribution of elements.  This study demonstrated the possibility of using high-
concentration hydrogels for the synthesis of nanocrystalline zeolites of additional 
framework structures.  
Moreover, a comprehensive study on nanostructured FAU zeolites ion-exchanged 
with Ag+, Zn2+, Cu2+ and Fe2+ for antibacterial applications is presented, which comprises 
 ii 
metal ion release kinetics, antibacterial properties, and cytotoxicity.  For the first time, 
superior metal ion release performance was confirmed for the nanostructured zeolites 
compared to their micron-sized counterparts.  The metal ion-exchanged FAU 
nanostructured zeolites were established as new effective antibacterial materials featuring 
their unique physiochemical, antibacterial, and cytotoxic properties. 
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CHAPTER 1 
1 INTRODUCTION 
1.1 Aluminosilicates 
1.1.1 Introduction 
Oxygen, silicon and aluminum are by far the most abundant elements of the crust 
of the Earth, where they occur as a variety of silicates and aluminoslicates.  Under normal 
conditions of temperature and pressure, silicon has the oxidation state of +4, each Si atom 
almost always bonded to four oxygen atoms and prefers a coordination number of four 
with a tetrahedral atomic environment.  The basic building block found in silicates can be 
written simply as SiO44-. These tetrahedral units have a strong tendency to polymerize 
each other by shared oxygens to form silicate compounds. The ratio of Si to O, along 
with the degree of polymerization, decreases from 1:4 for isolated ortho-silicate SiO44-  
compounds, to 1:2 for the fully polymerized three-dimensional framework structures.  
These framework structures can either be crystalline or amorphous, the crystalline 
structures are known as tectosilicates which comprise more than 75% of Earth’s 
continental crust.1 Except for the quartz group, all tectosilicates are aluminosilicates, 
containing aluminum in addition to silicon.  
The covalent radii for Al is 1.17 Å, which is very close to that of Si (1.26 Å). This 
makes it feasible to replace Si with Al in tetrahedral sites from the point view of the 
atomic size.  If some of the Si atoms were to be replaced by Al atoms, as aluminum is a 
highly positive electropositive element and exists exclusively as Al3+ when combined 
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with oxygen atoms,2 a negative charge on the framework arises.  Metal cations are, 
therefore, needed to counterbalance the now the anionic structural frameworks, which 
eventually gives an enormous variety of compositions and structures for aluminosilicate 
compounds.  According to the Loewenstein law, the maximum number of substitution of 
tetrahedral Si by Al can only be 50%.  Therefore, tetrahedral framework aluminosilicates 
are always Si-rich compounds.  Silicon is always tetrahedrally structured as SiO44-, while 
aluminum can be tetrahedrally or octahedrally structured.  When aluminum atoms adopt a 
coordination number of six, the alumimosilicates are often Al-rich compounds, some 
examples are andlusite (Al2SiO), kyanite (Al2SiO3), sillimanite (Al2SiO) and mullite 
(Al6Si2O13), which have more Al than Si atoms in their structures.  
Aluminosilicates are a large group of compounds comprising Si and Al oxides, 
but they vary in structures, chemical composition, density and hardness. On the basis of 
their structural groups, aluminosilicates can be classified as ortho- and ring, chain, sheet 
and framework groups.3 Certainly each group of aluminosilicate has unique physical and 
chemical properties, for example, ortho- and ring structured aluminosilicates are very 
stable in terms of temperature and pressure, and also have the highest average hardness 
and density. In next two subsections, two common groups of aluminosilicates, namely 
sheet and framework structured aluminosilicates, are introduced.  
1.1.2 Sheet Aluminosilicates 
Mica and clay are the two largest groups of aluminosilicate minerals with sheet or 
layer structure. The micas are an important group of minerals, which have found 
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widespread application because of their flexibility and elasticity, infusibility, low thermal 
and electrical conductivity, and high dielectric strength.   
Being phyllosilicates (or sheet silicates), all micas are thus composed of sheets of 
silicate tetrahedrons. The silicate sheets are composed of interconnected six membered 
rings (Figure 1a). These rings are responsible for micas’ typical six sided 
pseudohexagonal symmetry; they are only monoclinic or triclinic. Each tetrahedron in the 
rings shares three of their oxygens with three other tetrahedrons and all the tetrahedrons 
in each sheet point their unshared oxygen in the same direction. The structure of mica is 
stacked like a building with several different layers. Two tetrahedral layers (T) with their 
tetrahedral points pointing toward each other, sandwich small metal ions such as 
aluminum in an octahedral layer (O). This tetrahedral-octahedral-tetrahedral (TOT) 
sandwich is stacked with layers of large cations such as potassium or calcium. This cation 
layer is known as the interlayer (i) because it is between the TOT sandwich layers. This i 
layer, is needed to balance the formula due to substitution of the +3-charged aluminum 
for +4-charged silicon in the T layers. The whole structure can then be illustrated with the 
following sequence of layers: ...iTOTiTOTiTOTiTOTi... The differences among mica 
species depend upon differences in cations in the O and i layers. 
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Figure 1. Schematic representation of the general mica crystal structure: (a) Mica silicate 
sheet with interconnected six membered rings, viewed along the [001] crystallographic 
direction; (b) side view along the [100] direction showing multiple types of (i, T, and O) 
layers.  
The general formula for the micas is AB2-3(X, Si)4O10(O, F, OH)2. The tetrahedral 
layers by themselves have a formula of (X, Si)2O5. In most micas the A ion is usually 
potassium but can also be sodium, calcium, barium, cesium and/or ammonium. These 
ions occupy positions in the interlayer i discussed above. The B ion can be either 
aluminum, lithium, iron, zinc, chromium, vanadium, titanium, manganese and/or 
magnesium. These ions occupy positions in the octahedral layers O. The X ion is usually 
aluminum but can also be beryllium, boron and/or iron (+3) and they sit in the center of 
the tetrahedrons substituting for silicons by up to 50%. The F-, OH- and O2- ions are 
coordinated with the octrahedral B ions. 
The clay minerals are also a very important group within the phyllosilicates, they 
have been widely used in manufacturing, drilling, construction and paper production.  
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The clays have a similar structure with micas, which are stacked by several different 
layers built from components with tetrahedrally and octahedrally coordinated cations, but 
include brucite and gibbsite layers between their silicate layers.  The most important 
mineral in the clay group is kaolinite.  Kaolinite is important to the production of 
ceramics and porcelain. It is also used as a filler for paint, rubber and plastics since it is 
relatively inert and long lasting. But the greatest demand for kaolinite is in the paper 
industry to produce a glossy paper which is used in most magazines. 
Kaolinite is derived from the commonly used name kaolin, which is a corruption 
of the Chinese Gaoling (Pinyin; Wade-Giles Romanization Kao-ling), meaning “high 
ridge,” the name of a hill near Jingdezhen where the occurrence of the mineral was 
known as early as the 2nd century BCE.  Kaolinite's structure (Figure 2a) is composed of 
silicate sheets (Si2O5) bonded to aluminum oxide/hydroxide layers (Al2(OH)4) called 
gibbsite layers. Gibbsite (Figure 2b) is an aluminum oxide mineral that has the same 
structure as these aluminum layers in kaolinite. The silicate and gibbsite layers are tightly 
bonded together with only weak bonding existing between these silicate/gibbsite paired 
layers (called s-g layers). The weak bonds between these s-g layers causes the cleavage 
and softness of this mineral.  The chemical formula for the kaolinite is Al2SiO5(OH)4, 
also expressed as oxide form 2SiO2·Al2O3·2H2O.  
It is well known that during calcination (450–800°C) kaolinite loses OH groups as 
water and is transformed to metakaolinite, a material with much lower degree of 
structural order. In metakaolinite the Si–O network largely remains intact, but the Al–O 
network reorganizes itself. Owing to its unstable atomic arrangement, particularly of its 
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Al–O portions, metakaolinite is much more reactive than kaolin. Although not 
cementitious itself, it is a highly reactive pozzolana which reacts particularly well with 
lime and forms, in the presence of water, hydrated Ca and Al silicate compounds, which 
improves mechanical strength and reduces the transport of water and salts in those 
products.4-5 Metakaolinite is also known as an important raw material for the synthesis of 
so-called “geopolymers”, due to its high reactivity and ease of availability. Geopolymers 
are a new type of aluminosilicate material with high mechanical properties and they are 
considered as a green alternative for the Portland cements.6 
 
Figure 2. Crystal structures of (a) kaolinite viewed along the [001] direction; (b) gibbsite 
viewed along the [010] direction.  
1.1.3 Framework Aluminosilicates 
Framework aluminosilicates, being tectosilicates, have nearly all their Si and Al 
atoms in tetrahedrally coordinated environments. The majority of framework 
aluminoslicates are silicon rich minerals according to the Loewenstein’s rule that the 
maximum number of substitution of tetrahedral Si by Al can only be 50%.  Despite the 
average lower density because of the cage-like or runnel-like inner structures of most of 
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framework aluminosilicates, they have higher average physical hardness than their sheet-
structured counterparts.  Feldspar, sodalite and zeolite are the three largest and most 
common groups in framework aluminosilicates.   
Feldspars form the most abundant group of minerals in the crust of the Earth and 
Moon and also occur in many meteorites. They play a fundamental role in all rock-
forming processes at shallow depths, but are rare or absent from the upper mantle. The 
feldspars can be classified as two groups: the alkali feldspars and the plagioclase 
feldspars. The alkali feldspars include orthoclase, microcline, sanidine, anorthoclase, and 
the two-phase intermixtures called perthite. The plagioclase feldspars include albite, 
oligoclase, and anorthite.  The general formula, for the common feldspars, is XAl(1-2)Si(3-
2)O8 . The X in the formula can be sodium, potassium or calcium. Feldspars have the 
same fundamental structure: it consists of a continuous, negatively charged, three-
dimensional framework that is made up of corner-sharing SiO4 and AlO4 tetrahedra and 
positively charged cations (e.g., the potassium, sodium, and/or calcium) that occupy 
relatively large interstices within the framework.  The different feldspars are 
distinguished by crystal structure and chemistry. The K-feldspars are polymorphs, 
meaning they exhibit the same chemistry as KAlSi3O8, but have different structures and 
are therefore different minerals. The plagioclase feldspars are a set of minerals that are in 
a series from a sodium rich end member, albite, to a potassium rich end member, 
anorthite. The intermediate members of the series are given arbitrary boundaries based on 
their percentage of sodium or calcium.7 
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The sodalite group is formed by the linkage of SiO4 and AlO4 in approximately 
equal numbers, each corner oxygen being shared by two tetrahedrons, and Si and Al are 
completely ordered.  The name “sodalite” was named after its sodium content by 
Thompson in 1811, which means sodium stone. In sodalite, cage-like truncated octahedra 
(sodalite or β-cage) are formed by binding six rings of four tetrahedrons parallel to {100} 
and eight rings of six tetrahedrons parallel to {111}. The six-membered rings define a set 
of channels which intersect to form large cavities. The cavities are occupied by chlorine 
ions and these are tetrahedral coordinately by sodium ions as well.  Sodalite is the 
sodium-rich mineral of the sodalite group and differs from the other minerals of the group 
in containing chlorine as an essential constituent. There is a variation in the sodium 
content beyond a slight substitution of Na by both K and Ca in sodalite. Although 
sodalite has a very limited sorption capacity due to the very narrow six ring windows of 
cavity, it is still considered as one type of zeolite because of its relatively low framework 
density 17.2 T-atoms per 1000 Å3).8 
Zeolites merit special consideration in view of their tremendous importance in 
chemical engineering, which are also the major focus of current work. They are natural or 
synthetic aluminosilicates in which the anionic framework encloses cavities linked by 
channels.   
1.2 Zeolites 
1.2.1 Introduction 
The term “Zeolite” is said to have its origin in the two Greek words zeo and 
lithos, meaning “boiling stone”. The mineralogist Axel Frederick Cronstedt who 
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observed that the heating of the material produced large amounts of steam water 
previously adsorbed by the pores coined this term in 1756.9 Natural zeolites were studied 
for more than 200 years since the first discovery. Nevertheless, zeolites did not find any 
significant commercial use until synthetic zeolites were discovered and developed (large, 
mineable deposits of natural zeolites were not discovered until the late 1950s). In 1948, 
Barrer’s synthesis of small-pore mordenite at high temperatures and pressures heralded 
the era of synthetic zeolites.10-11 
From 1949 through the early 1950s, the commercially significant zeolites A, X, 
and Y were discovered by Milton and Breck at the Tonawanda, New York, laboratories 
of the Linde Air Products Division of Union Carbide Corporation. These zeolites were 
synthesized from readily available raw materials at much lower temperature and pressure 
than used earlier. Many of the new synthetic zeolites had larger pore size than most of the 
known natural zeolites, allowing applications involving larger molecules. In addition, 
many had larger pore volume, giving higher adsorption capacity.10 
In 1953, Linde Type A zeolite became the first synthetic zeolite to be 
commercialized as an adsorbent to remove oxygen impurity from argon at a Union 
Carbide plant.12 Synthetic zeolites were introduced by Union Carbide as a new class of 
industrial adsorbents in 1954 and as hydrocarbon-conversion catalysts in 1959. New 
zeolites and new uses appeared steadily through the 1960s. An explosion of new 
molecular sieve structures and compositions occurred in the 1980s and 1990s from the 
aluminosilicate zeolites to the microporous silica polymorphs to the microporous 
aluminophosphate-based polymorphs and metallosilicate compositions. Microporous 
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silica, aluminophosphate, metallosilicates and aluminosiliate zeolites are all called 
molecular sieves.  The term “molecular sieves” first appeared by 1926, when the 
adsorption characteristics of chabazite (pore size: 5 Å in diameter) were observed only 
allowing small molecules to enter but excluded larger ones. Molecular sieves now serve 
the petroleum refining, petrochemical, and chemical process industries as selective 
catalysts, adsorbents, and ion exchangers.10 
Chemically, zeolites are represented by the empirical formula:  
Ma/n [(AlO2)a(SiO2)b]× xH2O 
Where n is the valence cation and x represents of amount of water contained in the 
cavities of the zeolites. The Mn+ cations sit in the micropores/channels and certain 
crystallographic sites, along with the water molecules. These cations are often easily 
replaceable by other cations that diffuse into the pores from a solution where zeolites are 
immersed. The process is also called ion exchange process. The ion exchange capacity 
(IEC) is usually dependent on the Si/Al ratio (SAR, b/a) as the number of cations is 
proportional with number of Al atoms in the unit cell. Therefore, Al-rich zeolites, or low-
silica zeolites, are usually used as ion-exchangers.  SAR is an important parameter for 
zeolites as it not only determines the IEC, but also the hydrothermal stability, 
hydrophobicity and acidity.  
Based on increasing SAR, zeolites and silica molecular sieves can be arbitrarily 
categorized into four groups: (i) “low” (SAR: 1 to 1.5), (ii) “intermediate” (SAR: 2 – 5), 
(iii) “high” (SAR: 10 – 100) silica zeolites and (iv) silica molecular sieves (SAR: > 100).  
The thermal stability of zeolites increases from about 700 °C for the low silica zeolites to 
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1300 °C for the silica molecular sieves. The surface selectivity, which is highly 
hydrophilic in the low silica zeolites, is hydrophobic in the high silica zeolites and the 
silica molecular sieves. The acidity tends to increase in strength with increasing Si/Al 
ratio. The structures of the low silica zeolites are predominantly formed with four, six and 
eight rings of tetrahedrons. In the intermediate silica zeolites, five rings in mordenite and 
omega zeolite are seen. In the high silica zeolite structures and the silica molecular sieves 
we find a predominance of five rings of tetrahedrons, for example, silicalite.13  
1.2.2 Zeolite Structures 
The basic building unit (BBU) of aluminosilicate zeolite is a TO4 tetrahedron 
where the central T-atom atom is Si or Al, and O is the peripheral atoms (Figure 3), like 
any other type of framework structured aluminosilicates. These tetrahedrons are 
connected to form the simplest subunits of the zeolite structure which have been called 
secondary building units (SBU) proposed by Meier, as shown in Figure 4.14 It is usually 
more convenient to discuss zeolite structural frameworks by using so-called composite 
building units (CBUs) that consists of several SBUs.  For example, two different S4Rs 
can be connected to form a cube, or double four-ring (D4R).  There are three common 
ways of representing a CBU, which are common standard view, tetrahedral 
representation and framework representation, respectively.  The common standard view 
(Figure 5a) shows the positions of all the T and O atoms as spheres. Tetrahedral 
representation (Figure 5b) shows only TO4 tetrahedrons with shared corners to simplify 
the views, one can still give some feel for the O-atom position. The framework 
representation (Figure 5c) displays T–T linkages with the T-atom at the vertices and with 
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oxygen atoms assumed to lie near the center of connecting solid lines. This representation 
is most useful for simplifying complex structures and displaying the overall framework 
topology. Most of the zeolite structures throughout this thesis are presented using the 
framework representation.13  
 
Figure 3. Basic building unit (BBU) occurring in zeolite structures. 
 
Figure 4. Selected secondary building units (SBUs) occurring in zeolites structures. 
Adapted from reference 15. 
Polyhedral CBUs can be described in different manners, using common names 
(such as sodalite cage), three letter codes (such as D6R or HPR) or the descriptors [n1m1 
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n2m2 ...] where m1 is the number of n1-rings, m2 is the number of n2-rings, etc.  For 
example, the CBU sodalite cage can also be described by TOC (truncated octahedron), as 
well as [4668]	because it contains 6 four-rings and 8 six-rings.  Figure 6 shows examples 
of polyhedral CBUs found in known zeolite framework types. BBUs can also be 
connected in infinite chains forming chain CBUs, some of which are shown in Figure 7.  
 
Figure 5. Three common ways to represent the D4R composite building unit formed 
from eight tetrahedra in the shape of a cube. (a) The standard view; (b) Tetrahedral 
representation; and (c) The framework representation. Adapted from reference 13. 
The three-dimensional zeolite frameworks formed by linking BBUs in various 
infinite repeating lattices, can be viewed as the connection of these different 
characteristic CBUs.  Different CBUs form different framework types, while the same 
CBUs may have different zeolite framework types depending on how they  are linked 
three-dimensionally. For example, both LTA and FAU structures are formed by linking 
sodalite cages, but in different manners. LTA is formed by sharing the double four-rings 
between sodalite cages, while FAU is formed by linking double six-rings. The connection 
of CBUs forming zeolite frameworks creates pores throughout the structure. The pore 
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size is defined by the minimum ring size which limits the pore, which could be 8, 10 or 
12 membered rings or smaller or larger. In this case, only the T-sites are counted as a 
member. Depending on the framework structure, the created pores may be one, two or 
three-dimensional in nature.  If there is more than one kind of pore structure in the 
framework, they may be interconnected or entirely separated from one another.  
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Figure 6. Examples of polyhedral composite building units (CBUs) with their 
corresponding pore symbols and common names. The nodes are tetrahedrally coordinated 
atoms such as Si or Al. Bridging oxygen atoms have been left out for clarity. Adapted 
from reference 13. 
 16 
 
Figure 7. Some examples of chain composite building units. (a) Single chain (zig-zag) 
and (b) double chain (double zig-zag) with periodicities of two. (c) Single chain 
(crankshaft) and (d) double chain (double crankshaft) with periodicities of four. (e) 
Complex chain found in the MOR framework type. (f) Complex pentasil chain found in 
the MFI framework type. Adapted from reference 13. 
The number of theoretically possible zeolite framework types has been predicted 
to be more than millions,16-17 however, so far, there are only 235 different zeolite 
frameworks have been recognized by the International Zeolite Association (IZA) 
(http://www.iza-structure.org/databases/). Less than 20 of them are of commercial 
interest.  Indeed, different zeolite frameworks have distinct pore topologies and 
properties and thus may have different uses. However, it is also important to note that 
even with the same framework type, the chemical and physical properties materials may 
vary significantly. For example, zeolite X and Y with the same FAU framework but 
different SARs have very different ion exchange capacity and thermal stability and thus 
different uses. Substitution of T atoms by other cations such as B, P, Fe, Sn, Zn, Ga and 
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Ge can cause drastic changes in their properties and thus applications.  For instance, the 
incorporation of Sn atoms in the framework has allowed zeolite beta to act as an efficient 
and stable heterogeneous catalyst for the Baeyer-Villiger oxidation of saturated and 
unsaturated ketones by hydrogen peroxide, with the desired lactones forming more than 
98% of the reaction products.18  Hereafter, seven different zeolite framework types that 
are commercially significant or studied in this work will be introduced, including LTA 
(Linde Type A), FAU (Faujasite), LTL (Linde-type L), CAN (Cancrinite), CHA 
(Chabazite), MFI (Mobil Five) and BEA (Beta).  
The LTA framework type can be viewed as continuously linking sodalite cages 
through double four-rings three-dimensionally (Figure 8). This creates an alpha cavity 
accessible to molecules larger than water via a three-dimensional eight-ring channel 
system. Figure 9a shows the cages in the structure not accessible to molecules larger 
than water and Figure 9b shows the shape of the channel system in LTA. Therefore, the 
large area in the alpha cavity is accessible through the eight-ring pores, but the smaller 
area in the sodalite cages is not accessible. The charge-balance extraframework cations 
are located in both the sodalite cage and cavities in certain sites. There are over 10 
synthetic forms of molecular sieves with the LTA structure type such as 3A, 4A, 5A, 
ITQ-29 and SAPO-42, differing on the SAR and extraframework cations, and zeolites or 
phosphates.13 The LTA is commonly synthesized as sodium-form zeolite with the SAR of 
1, which has the highest ion exchange capacity. Replacing some of the monovalent Na 
cations with divalent cations such as Ca2+ can reduce the number of cations in channels 
and frees-up their access. Thus, exchanging the sodium cations in a 4A zeolite with 
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calcium ions (5Å) can increase the effective aperture size from about 0.4 to 0.5 nm. 
Conversely, exchanging the sodium cations with potassium (3Å) can reduce the aperture 
size to about 0.3 nm.13  
 
Figure 8. (a) Sodalite cage and (b) LTA framework formed by linking sodalite cages 
through double four-rings. (Generated using the 3D drawing software available from the 
IZA Structure Commission website).  
 
Figure 9. (a) Cages and (b) channel systems in LTA framework structure. 
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The FAU framework structure (Figure 10a) can be formed by continuously 
linking sodalite cages through double six-rings three-dimensionally, instead of double 
four-rings as for LTA. This creates a large cavity in FAU called the “supercage” 
accessible by a three-dimensional 12-ring channel system (Figure 10b). There are 8 
synthetic forms for the FAU structure so far: i.e. Beryllophosphate X, Li-LSX, LZ-210, 
SAPO-37, siliceous Na-Y, zeolite X (Linde X), zeolite Y (Linde Y) and zincophospate 
X.13 Among these, zeolite X, Y and siliceous Na-Y are most commonly for studied. In 
particular, zeolite X with the SAR of 1.0 – 1.5 has been extensively studied in the field of 
ion exchange, adsorption and separation.  
 
Figure 10. (a) FAU framework structure formed by linking sodalite cages through double 
six-rings and (b) corresponding three-dimensional channel system with 12-ring pores 
opening into large supercages.  
Figure 11 shows all the different possible crystallographic sites for cations within 
the FAU framework structure and the descriptions for these sites are summarized in 
Table 1. The distributions of cations in these sites depend on the properties (size and 
charges) of cations and on the presence of adsorbents. While FAU type zeolites can 
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exchange with many different cations, the most common synthetic form is still sodium-
based zeolite, as sodium cation simply acts as the structure directing agent for the 
formation of sodalite cages. For dehydrated sodium-form zeolites, the cations tend to 
occupy sites which maximize their interaction with framework oxygen atoms and 
minimize cation–cation electrostatic repulsion. This means sites I and II tend to be 
occupied first, accommodating up to 48 cations. When more than 48 cations are present, 
site I’ is progressively favored over site I, up to 64 cations per cell. Above 64, site 3 in 
the supercage starts to be occupied. The addition of water or other adsorbates can modify 
the cation site distribution, since the cations may be able to find more favorable 
interactions with the adsorbates. For example, the addition of water tends to move 
sodium cations from site I to site I’, where the cations can favorably interact with both 
framework oxygens and water molecules.  
 
Figure 11. Illustration of the connectivity of cages in FAU along with the Roman 
numeration of cation positions encountered in these hosts. Adapted and modified from 
reference 19. 
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Table 1. Nature, multiplicity and localization of the different conventional cation sites in 
the FAU structure. Reproduced from reference 19. 
Nature of 
cation sites 
Maximum 
no. of 
cations/u.c. 
Localization of cation sites  
Cavity Definition Coordinates 
Site I 16 Hexagonal 
prism 
In the hexagonal prism. When in 
the center of the prism, 
octahedral coordination with 
neighbouring oxygen atoms. 
0,0,0 
Site I' 32 Sodalite 
cage 
In the sodalite cage, close to the 
hexagonal window to the 
hexagonal prism. Three oxygen 
atoms as closest neighbours. 
x,x,x 
Site II' 32 Beta cage In the sodalite cage, close to the 
hexagonal window to the 
supercage 
x,x,x 
Site U 8  At the center of the sodalite cage 1/8,1/8,1/8 
Site II 32 Supercage At the center of the hexagonal 
window between the sodalite 
cage and the supercage. Three 
oxygen atoms as closest 
neighbours 
x,x,x 
Site II* 32  In the supercage, close to the 
hexagonal window to the 
sodalite cage. Generally 
considered as site II 
x,x,x 
Site III 48  In the supercage, close to a 
square window between two 
other square windows. At the 
intersection of two mirror planes 
x,x,z 
Site III' 96  In the supercage, close to a 
square window between two 
other square windows 
x,x,z 
Site IV 8  At the center of the supercage x,x,x 
Site V 16  At the center of the 12-ring 
window 
1/2,1/2,1/2 
The CAN framework (Figure 12b) can be built by base-sharing cancrinite cages 
(Figure 12a), with the corresponding single six-membered ring (S6R) bases in the 
alternate A or B positions according to an ···AB(A)··· sequence,15 being perpendicular to 
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the c-axis. The CAN structure has a one-dimensional 12 membered-ring channel (around 
6 Å) along the c-axis (Figure 13), which accommodates water, large extraframework 
cations and anions. However, in general, the channels of cancrinite are easily blocked by 
inorganic anions and attempting to remove anions by annealing will cause the destruction 
of the framework, which thus limits the application of the porous structure. Nevertheless, 
OH- and H2O molecules can be removed under mild conditions, which may make 
hydroxycancrinite a suitable candidate to utilize the CAN porous structure as compared 
with traditional cancrinites with chloride or carbonate anions.20  
 
Figure 12. (a) Cancrinite cage and (b) CAN framework formed by linking base-sharing 
cancrinite cages.   
 
Figure 13. (a) Top view of the CAN framework structure and (b) the corresponding 
diagram of one-dimensional channel system.  
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The LTL framework (Figure 14b) can also be built from cancrinite cages, but not 
by sharing single six-membered ring (S6R) bases, instead by linking cancrinite cages 
(Figure 14a) through D6Rs along the c-axis, and by connecting the equatorial T-atoms of 
the equatorial six-rings in the a- and b-axis directions forming rings of alternating can 
cages and highly distorted eight-rings. The resulting framework (Figure 14b) contains a 
one-dimensional 12-membered ring channel system (Figure 15a) connected by a three-
dimensional eight-ring channel system. However, the eight-ring apertures are so highly 
distorted that they do not allow diffusion, and the framework can be considered to allow 
only one-dimensional diffusion along the 12-ring channels (Figure 15b).  
 
Figure 14. (a) Cancrinite cage and (b) LTL framework formed by linking cancrinite 
cages through D6Rs along the c-axis. 
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Figure 15. (a) Top view of LTL framework structure and (b) the corresponding diagram 
of one-dimensional channel system. 
The CHA framework (Figure 16b) can be built by linking layers of double six-
ring cages (Figure 16a). The framework defines a large cavity, called the cha cavity, 
accessible through a three-dimensional eight-membered ring channel system (Figure 
16c). The CHA framework is a member of a rich, diverse family of zeolites known as the 
ABC-6 family. All members of the ABC-6 family consist of layers of six-rings or double 
six-rings, arranged in a hexagonal array, interconnected by tilted four rings.13  
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Figure 16. (a) Double six-ring (D6R) cages, (b) CHA framework structure built from 
D6R cages linked by tilted four-rings, and (c) the three-dimensional eight-ring channel 
system opens into large CHA cavities.  
 
Figure 17. (a) MFI framework structure viewed along the a direction with a straight ten-
membered ring channel system and (b) along the b direction with a zig-zag ten-
membered ring channel system; (c) diagram of the three-dimensional channel system in 
MFI.  
The MFI framework (Figure 17) can be built from five-rings and contains 
cavities interconnected by a straight ten-ring channel systems and a zigzag ten-ring 
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channel system (Figure 17c). MFI-type zeolites are usually highly siliceous with SAR 
from about 10 to infinity, which is a type of zeolite that is easy to synthesize. Generally, 
the higher the Si/Al ratio, the easier the synthesis.  
 
Figure 18. Framework structures for two polymorphs of beta zeolites: (a) *BEA structure 
along the a direction and (b) BEC structure along the a direction. (c) Diagram of the 
three-dimensional channel system in *BEA.  
 
Figure 19. Comparison of channel systems in (a) *BEA and (b) BEC. Adapted from the 
reference 13. 
Framework structures *BEA and BEC are two end members of a disordered 
family of beta zeolites, *BEA refers to beta polymorph A and BEC refers to polymorph 
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C. All the polymorphs can be considered being constructed by T16 periodic building 
units (PerBUs), differing on the way these PerBUs are connected, causing defects in the 
structures. Details of the nature of the disorder can be found at the IZA-SC website.8  All 
of the polymorphs have three-dimensional 12-ring channel systems (Figure 18c) and 
they have similar micropore volumes despite of the defects. The framework structures 
and channel systems for *BEA and BEC are shown in Figures 18 and 19. Like MFI, 
zeolites of the beta family are highly siliceous, usually synthesized with a SAR of about 5 
to infinity, exhibiting good hydrothermal stability, and they have tremendous importance 
in industrial catalysis.  
1.2.3 Zeolite Applications  
Zeolites have tremendous industrial applications with a worldwide market size 
valued at USD 29.08 billion in 2016 that is expected to grow at a CAGR (compound 
annual growth rate) of 2.5% over the forecast years.21 The applications include those 
from both natural and synthetic zeolites. Natural zeolites find the application in feed 
additives, soil amendment, water treatment, environmental uses, and construction, while 
the major uses of synthetic zeolites are as catalysts, adsorbents, and ion exchangers.  
Synthetic zeolites are the one of most important catalysts in petroleum refineries, 
mainly in cracking and hydrocracking processes. Zeolites are used in refining as strong 
and thermally stable solid acid catalysts first and foremost, as well as supports for 
precious metal catalysts due to their highly ordered pore channels and high surface areas. 
Shape selectivity also plays an important role when it comes to selective cracking and 
isomerization, including reactant shape selectivity, product shape selectivity and 
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transition state shape selectivity. Zeolite catalysts utilized to crack alkanes, alkenes, and 
alkylaromatics in the fluidic catalytic cracking (FCC), hydrocracking (HDC) and residue 
conversion processes. They also isomerize in almost all processes in the refinery, enable 
hydrogen transfer between molecules in FCC, and oligomerize intermediately produced 
alkenes in alkylation process.22 Two types of zeolites ZSM-5 and highly siliceous Y 
zeolites are mostly used in refining. ZSM-5 is utilized as an octane enhancement additive 
in fluid catalytic cracking (FCC) where highly siliceous Y zeolites serve as the major 
catalytic component in high-octane FCC catalysts.  
 Zeolite catalysts can also be found downstream of petrochemical building block 
production, especially in olefins production and aromatics processing.23 The FCC unit 
can be tuned to produce light olefins, mainly propylene. Zeolite acid catalysts have been 
used to synthesize ethylbenzene and cumene via alkylation of benzene with ethylene and 
propene. Most ethylbenzene produced is further converted to styrene, which is a raw 
material for polymers with various functions. Cumene is primarily used as an 
intermediate to produce phenol and acetone. The catalysts commonly used in those 
processes are HY, ZSM-5, MCM-22, and b-zeolite. Zeolite acid catalysts (H-ZSM-5 and 
MCM-41) and the bifunctional zeolites have impacted the isomerization of C8 aromatics; 
the isomerization of xylene is the major process for converting m- and o-xylenes into p-
xylene of higher value. Zeolite catalysts are also used in other aromatics processing 
reactants such as the disproportionation of toluene and the alkylation of toluene with 
methanol.24 Some emerging technologies in the petrochemical industry are using zeolites 
as catalysts as well. For example, skeletal isomerization of butenes and pentenes can be 
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performed over several zeolites with 10-membered rings, such as ferrierite zeolites, 
ZSM-22 and SAPO-11.23 The ubiquitous applications of zeolite catalysts not only can be 
found in the petroleum and petrochemical industries, but also can be found in other 
important chemical processes for producing fuels and chemicals. For instance, the 
conversion of natural gas to fuels and chemicals, methanol to olefins and methanol to 
gasoline and synthesis of fine chemicals.22 Moreover, progress in using zeolite catalysts 
has been made recently for biomass conversion into biofuels and bio-based chemicals, 
which is an emerging and fast expanding field.25  
Another important role zeolites have played in industrial chemical processes is 
their uses as adsorbents for adsorptive separations, including both gas and liquid 
separation. For gas separation, within the scope of thermal swing adsorption (TSA), 
dehydration is by far the largest industrial separation of interests, dehydration and related 
fixed-bed adsorptive separations in the process industries account for more than half of 
the commercial molecular sieve business volume. Zeolite molecular sieves play a major 
role in dehydration due to their ability to reduce moisture content to very low levels 
attaining dew points of −100 °C or lower. Zeolites are employed to remove the water 
from natural gas, feed air for separation units, cracked gas (e.g., ethylene), and other 
hydrocarbon streams. Zeolites are used for de-sulfurization, mainly the removal of H2S 
gas, using zeolite 4A, 5A and zeolite NaX. Zeolite molecular sieves have also found 
application in CO2 removal from natural gas prior to liquefaction, and in VOC (volatile 
organic compound) removal with hydrophobic or highly siliceous zeolites like MFI, or 
dealuminated Y. The silver-loaded zeolite A (also called “HgSIV” from UOP) has been 
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used to remove mercury from natural gas, via a weak reversible chemisorption process. 
In addition to the TSA separations, zeolites have also gained ground on air separation, H2 
purification and dehydration via pressure swing adsorption (PSA).13 
Zeolite applications in liquid adsorptive separations can mainly be categorized into 
following four general groups. (i) Aromatics and derivatives separation, a good example 
is the separation of xylene isomers; p-xylene is an industrially important petrochemical 
that is usually mixed with two additional isomers (o- and m-xylene), as well as 
ethylbenzene. The isomers are very difficult to separate from each other by conventional 
distillation due to their close boiling points. Zeolites in this case can serve to 
preferentially adsorb one isomer from a mixture, thereby achieving separation. Zeolites 
used in this category are mainly zeolite X and Y exchanged with relatively large alkali, or 
alkaline earth cations, or a mixture of these cations. Mordenite, ZSM-5, silicalite-1, 
ferrierite, H-beta and zeolite L are also used. (ii) Non-aromatic hydrocarbon separation, 
usually the separation between olefin and paraffin, or separation of n-paraffin from non-
n-paraffin. A variety of zeolites are employed in this group, including NaX, NaY, AgY, 
Si-CHA, CuY and LiX. (iii) Separation of non-petrochemicals including carbohydrates 
and organic acids, fine chemicals and pharmaceuticals. In this group, MFI- and FAU-type 
zeolites are mostly used. (iv) Trace impurities removal, including sulfur compounds, 
nitrogen compounds, oxygen compounds, iodide, aromatics, metals. Zeolite Y exchanged 
with transition metals like Ni, Cu, Fe and Ag are used, together with the proton-form of 
ZSM-5 and MCM-22, and natural clinoptilolite.13  
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With their ion exchange capability, zeolites have been used as the detergent 
builder for softening water (removal of Ca2+ and Mg2+). This application as a builder in 
home laundry detergent powders account for the largest-volume use for synthetic 
zeolites. Sodium-form zeolite A, which has the highest ion exchange capacity (IEC) is 
largely used for this purpose, dates back to the early 1970s. Zeolite X with sufficiently 
large pores, is capable of exchanging magnesium ions and maintaining the kinetics of the 
exchange towards calcium ions even at very low temperatures, and is also used for this 
application. The low silica zeolite X (LSX) having the same IEC as zeolite A is also used. 
Therefore, zeolite AX, a mixture of zeolite A and X might be a good candidate for this 
application, although no report shows it has been industrialized. Zeolite P, together with 
some layered silicate and amorphous silicates, has been employed in detergent 
technology for its reduced costs to performance ratio.26 Zeolites can also be applied to 
remove radioactive ions from contaminated water, it is known that zeolites were utilized 
to decontaminate radioactive 90Sr and 137Cs ions in the Fukushima nuclear catastrophe in 
Japan in 2011.  
1.3 Nanostructured Zeolites 
1.3.1 Hierarchical Zeolites 
The enormous impact of zeolites on many catalytic and separation processes is 
due to their unique characteristics such as shape selectivity, high specific surface area, 
high thermal and chemical stability, and controllable hydrophilic/hydrophobic properties. 
These properties originate from the well-defined pore system on the molecular level and 
flexible chemical compositions. However, conventional micron-sized zeolite crystals 
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with micropores only (usually less than 1 nm) suffer from diffusion limitations, causing 
some undesirable effects. Pore blocking and active site deactivation are the primary 
drawbacks, which prevent zeolites from operating at their full potentials in those 
applications. The synthesis of zeolites with intrinsic micropores and meso-/marcopores, 
also referred to as hierarchical zeolites, is a solution for more efficient utilization of 
zeolite materials. An introduction of interconnected meso-/macropores to the zeolite 
crystals can shorten the diffusion length for both reactants and products, thereby 
improving the use efficiency of zeolite.  
The synthesis of hierarchical zeolites can be mainly categorized into destructive 
and constructive methods. Destructive methods are based on post-synthesis chemical 
etching of zeolite crystals that provokes the formation of meso-/macropores. The well-
established destructive methods comprise steaming, acid leaching, alkaline leaching, 
fluoride medium treatment, and surfactant-templated mesostructuring.27-28  Whereas the 
constructive methods are mainly about direct synthesis with the incorporation of a 
template or mesoporogen during the growth of micron-sized zeolite crystals, the 
intracrystalline meso-/macropores form after the removal of the template simply by 
combustion or dissolution. Good examples include use of carbon nanoparticles, aerogels, 
polymers, and resins as the template to synthesize mesoporous ZSM-5, b-zeolite, zeolite 
A, X and Y.29  A special constructive method uses dual templates, one directing the 
formation of microporosity and one directing mesoporosity, that can include 
organosilanes, cationic polymers, poly(quaternary ammonium) surfactants, and 
polymers.27 The products are not necessarily microsized crystals and can be an organized 
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assembly of single or several unit-cell nanosheets.30-31 This method has attracted 
considerable attention due to its potential to control a mesopore size. While aggregation 
and agglomeration of zeolite nanocrystals can also form a hierarchical pore system with 
inter-particle meso-/macropores, this type of zeolites merit separate consideration and  
herein is categorized as nanocrystalline zeolites as described in the following section. 
1.3.2 Nanocrystalline Zeolites 
Nanocrystalline zeolites are zeolites with crystallite sizes less than 100 nm. The 
reduction of particle size from the micrometer to the nanometer scale leads to substantial 
changes in the properties of the materials. For example, the ratio of external to internal 
number of atoms increases rapidly as the particle size decreases and zeolite nanoparticles 
have large external surface areas and high surface activity, which have a large impact on 
the performance in traditional application areas such as catalysis and separation.  It has 
been known that the external surface acidity is of importance when the zeolite is intended 
to be used as a catalyst in reactions involving bulky molecules. Smaller zeolite crystals 
have reduced diffusion path lengths that can alleviate the over-reaction between reactant 
molecules and active sites. Nanocrystalline zeolites not only have the similar function 
with hierarchical zeolites (described above) on improving the performance in those 
traditional catalysis and separation, but also they have also demonstrated potential uses in 
emerging applications including sensors, antimicrobial, cosmetics, and foods.  For a 
specific example, colloidal nanosized zeolite suspensions have advantages for the 
preparation of zeolite films and membranes as well as composites due to their much 
higher processability.   
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The synthesis of nanocrystalline zeolites can be classified into conventional 
synthesis and non-conventional synthesis. The synthesis of a zeolite from a hydrogel 
precursor in a close reactor upon conventional heating is considered “conventional 
synthesis”, which can be divided into the clear solution method and hydrogel method 
based on the concentration of the hydrogel precursor. Precursors that are highly diluted 
and visually transparent allow for the clear solution method, and those with higher 
concentration that show opaque and gel-like features allow for the hydrogel method.  The 
clear solution method has many advantages in the synthesis of nanosized zeolites such as 
the fine control of the particle size, well-defined crystal morphology, high colloidal 
stability of the product and tunable surface reactivity.  However, this method has no 
practical uses in the large-scale production due to the low production yield (<10%).  In 
contrast, the hydrogel method is commonly used in the industrial production of zeolites, 
in particular the synthesis without organic templates.  However, it remains challenging to 
synthesize high-quality nanocrystalline zeolites from the hydrogel method because of the 
highly heterogeneous physical and chemical states of the hydrogels, which is caused by 
the diverse conditions that include (but are not limited to) the selection of silica/alumina 
source, the composition of growth mixtures, the methods of preparation, and the use of 
inorganic and/or organic	structure-directing agents. As a consequence, zeolite nucleation 
and growth is highly unpredictable and tends to undergo a heterogeneous crystallization 
to form conventional micron-sized crystals. 
The difficulties in controlling the crystal size in conventional synthesis have 
resulted in the development of alternative non-conventional syntheses. Such approaches 
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that circumvent the difficulties in the control of zeolite nucleation includes the confined 
space synthesis. In this type of synthesis, the ultimate crystal size is determined by the 
available free space, which is limited by the physical or chemical barrier. The first 
example was the synthesis of nanocrystalline zeolites inside porous carbon particles, 
followed by the removal of carbon by combustion. The hard carbon templates were 
replaced by organic matrices, such as starch and polymer hydrogels.32-33 Nanocrystalline 
zeolites can also be obtained from dry-gel conversion synthesis and 
microwave/sonication synthesis, the idea of those is to stimulate abundant or 
homogenous nucleation to achieve nucleation rate over crystal growth to have 
nanocrystallites as the final products.  Despite the feasibility of those methods, their 
synthesis is not viable for commercial implementation due to either cost or scalability. 
1.4 Geopolymers and Geopolymer Chemistry 
Geopolymers are another kind of synthetic framework aluminosilicate materials. 
Like other tectosilicates introduced above, they have Si and Al atoms in tetrahedrally 
coordinated environments, whereas geopolymers are non-crystalline (amorphous) 
materials that exhibit high-mechanical strength.  The network consists of SiO4 and AlO4 
tetrahedra linked together by sharing all the oxygens, and positive ions (Na+, K+, Li+, 
Ca2+, Ba2+, NH4+ or H3O+) are present in the framework cavities to balance the negative 
charge of Al3+ in tetrahedral coordination, together with the presence of water molecules 
in cavities.  The empirical formula of geopolymers is expressed as Ma/n 
[(AlO2×(SiO2)b]n× xH2O, similar with that of zeolites, where a/n is the number of cations 
and x represents of amount of water.  The b represents the Si/Al ratio in the geopolymer 
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framework, usually this value is between 1 to 3 to provide the best mechanical properties 
desirable for construction and refractory applications. Many have attempted to reveal the 
detailed chemical structure of three-dimensional geopolymers; however, owing to the 
disorder nature of geopolymers, it is difficult to precisely locate the positions of water 
molecules and charge-balanced cations in random cavities. In contrast to zeolites, cations 
are sitting on certain crystallographic sites and water molecules are in the highly ordered 
micropore channels. Based on the careful 29Si, 27Al, 1H and 23Na MAS NMR study of the 
bonding character of geopolymers, Rowles et al. proposed a chemical structure for Na-
geopolymers, as shown in Figure 20, which is widely accepted to be the most appropriate 
representation.34   
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Figure 20. Proposed model of atomic structure of amorphous geopolymer showing 
charge balancing alkali metal ion (Na+) in the vicinity of anionic AlO4 tetrahedra along 
with the associated H2O molecules, adapted from Rowles.34  
Geopolymer materials have found applications in many fields of industry, 
whether used pure, with fillers or reinforced. Some examples include pure materials for 
storing toxic chemicals or radioactive waste, filled ones for the manufacture of special 
concretes, and molds for molding thermoplastics, and reinforced geopolymers for the 
manufacture of molds, tooling in aluminum alloy foundries and metallurgy.6  
Geopolymers for those applications are in the form of monolith and have the excellent 
mechanical and thermal properties.  Despite their monolith appearance, the geopolymers 
are fundamentally nanostructured materials.  
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Figure 21. SEM (left) and TEM (right) micrographs showing the microstructure of K-
geopolymers. Adapted from Kriven et al.35  
The scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM) studies by Kriven et al.35 have revealed that the microstructure of geopolymers 
consists of nanoparticles of 10 – 30 nm in diameter (Figure 21). The particles result from 
dissolution of the aluminosilicate precursor, followed by formation of nanoparticles that 
aggregate at a critical concentration, causing the geopolymer to solidify 
(geopolymerization is introduced below). The water used in synthesis is expulsed to the 
pore network, which has a non-uniform morphology. It is emphasized that the dissolution 
of the aluminosilicate precursors is carried out usually at an extremely high metal 
concentration with a typical water content less than 45 wt%. With such limited amount of 
water, the network structure of the resulting geopolymer gel is much denser than what is 
expected for the inorganic gels (such as silica and alumina gel) from typical sol-gel 
chemistry.  Despite this, the concentrated aluminosilicate gel allows for a small amount 
of zeolite crystallization. It has been reported that geopolymers contain small amount of 
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nanocrystalline zeolites embedded in the amorphous gel phase, as illustrated in Figure 
22.  Therefore, this feature of geopolymers leads to a question here: can we optimize the 
synthetic conditions to have only nanocrystalline zeolites as the final products instead of 
amorphous geopolymer through geopolymer chemistry? Success would solve the 
challenge of achieving an organic-free and scalable synthesis for nanocrystalline zeolites.  
    
Figure 22. Schematic diagram (left) and TEM (right) micrographs of geopolymer 
showing nanocrystalline zeolites embedded in amorphous geopolymer gels. Adapted 
from the literature.36-37  
In general, geopolymers are synthesized from the activation/dissolution of raw 
materials by an alkali hydroxide/silicate solution, followed by the polymerization of 
silicate and aluminate species that is similar to the synthesis of traditional polymers. 
There are many different raw materials can be used to synthesize geopolymers, including 
metakaolin, bentonite, fly ash, slag and even rich husk. However, metakaolin is the one 
has been studied most due to its relatively high-purity of in comparison to the other 
sources. Metakaolin is often considered to be the model system, whose results can be 
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conveniently extended to other more complicated ones. This thesis is focused solely on 
the metakaolin-based system.  
While the mechanism of geopolymerization is not fully understood yet, it can be 
described in simple terms by the following four steps:  
1) Release of silicate and aluminate species (monomers, and probably partially 
deprotonated) from metakaolin into solution after attack by the alkali 
hydroxide/silicate solution.  
2) Formation of aluminosilicate oligomers from the interaction between 
dissolved species and the silicates initially supplied from activating solutions 
via water-assisted transportation.  
3) Precipitation of dissolved species (both monomers and oligomers) into 
amorphous gels through the polymerization process. 
4) Growth of the amorphous gels and consolidation of the materials into cross-
linked, three-dimensional structures through polycondensation reactions. The 
solidification (also called setting) of slurry happens in this step and the setting 
time depends on the precursor composition, curing temperature and mix 
design. It is worth mentioning that after the setting, the reaction may undergo 
zeolite nucleation and crystal growth rather than the typical strength 
development in some compositions. In particular, compositions that have 
relatively higher water content and alkalinity will be discussed in this thesis. 
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1.5 Current Work 
Nanostructured zeolites, in particular nanocrystalline zeolites, are of interest with 
as materials in catalysis and separation, and for emerging applications including chemical 
sensors, medicine, and the food industry.  Despite the recent advances in their synthesis, 
fewer than 20 zeolite framework types have been prepared and cost-effective and scalable 
syntheses are yet to be developed and understood. Therefore, the work presented in this 
thesis introduces a new synthetic method that is based on geopolymer chemistry to 
produce various types of nanocrystalline zeolites with high quality.  This method relies 
on very important features of geopolymer synthesis, namely, the process is simple, 
scalable and cost-effective. 
In Chapter 3, the synthesis and characterization of hydroxycancrinite (CAN) 
zeolite nanorods by a simple hydrothermal treatment of aluminosilicate (geopolymeric) 
hydrogels at high precursor concentrations without the use of structure-directing agents is 
presented. This is the first time that zeolites with CAN framework structure has been 
synthesized in the form of nanorods/nanocrystals. Moreover, the formation mechanism is 
proposed by studying the structural and morphological evolutions.  
In Chapter 4, an exploration of geopolymeric Na−Al−Si−H2O quaternary kinetic 
phase diagrams under mild hydrothermal conditions for nanocrystalline zeolites is 
presented. The effect of compositional parameters (water content, Si to Al ratio, Na to Al 
ratio, alkalinity) and reaction time on the structure and morphology of the zeolite 
products is discussed.  
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In Chapter 5, detailed studies on the evolution of chemical composition, 
structure, and morphology for understanding the formation of highly crystalline 
nanostructured zeolite X (in the form of nanoaggregates) is introduced.  A series of new 
phenomena in zeolite synthesis is presented, including the formation of ultrasmall 
aluminosilicate gel particles, growth and densification of gel particles that are associated 
with an increase in hardness of the sample, and fast crystallization for zeolite 
nanocrystallites.  Importantly, a highly homogeneous distribution of chemical 
composition in the gel particles is observed, which is believed to be the key to fast 
crystallization to form nanocrystalline zeolite X. 
Nanostructured zeolites have been studied extensively in the areas of catalysis and 
separation, and have shown superior performances to their conventional micron-sized 
counterparts. Nevertheless, their applications related to ion exchange have not been well 
explored yet. To this end, in Chapter 6, the synthesis and characterization of silver ion-
exchanged nanocrystalline and micron-sized zeolite X is presented, along with studies on 
their silver ion release kinetics. For the first time, superior ion release (exchange) kinetics 
has been confirmed for nanocrystalline zeolites. Their antibacterial performances and 
cytotoxicity are also presented.  
Following the silver ion-exchange work, in Chapter 7, synthesis and 
characterization of zinc, copper and ferrous ion exchanged nanocrystalline and micron-
sized zeolite X is introduced, as well as studies on metal ion release kinetics and 
antibacterial performance.  
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In addition to the above work, a synthesis of high-quality nanocrystalline zeolite 
beta will be briefly introduced in Appendix F. The synthesis is from the high-
concentration hydrogel method, a method that is derived from the geopolymerization 
method.  
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CHAPTER 2 
2 CHARACTERIZATION TECHNIQUES 
2.1 Powder X-ray Diffraction (PXRD) 
PXRD is a non-destructive technique for the phase identification of solid material 
in powder form and for the structure solution of crystalline materials. It can be also used 
to estimate the crystallite size, and even identify amorphous samples due to the unique 
features in their patterns.  X-ray diffraction results from the interaction between X-rays 
and electrons of atoms. Depending on the atomic arrangement, interferences between the 
scattered rays are constructive when the path difference between two diffracted rays 
differ by an integral number of wavelengths (Figure 23).  
 
Figure 23. Illustration of Bragg's law for diffraction from crystal planes with Miller 
index hkl. 
This selective condition is described by the Bragg equation (Eqn. 1), or “Bragg’s 
law”: 
2d(hkl)sin	(q	) =	nl				(1),	 
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where l is the wavelength of X-ray, d(hkl) is the d spacing and q the Bragg angle, which is 
the half angle between incident and reflected beam.  The (hkl) triplet describes the Miller 
indices of each lattice plane.  
Most common laboratory powder X-ray diffractometers are based on the Bragg-
Brentano configuration (Figure 24) with a point or one-dimensional detector which gives 
a 1-D pattern with peak intensity as the function of 2q.  The incident angle, ω, is defined 
between the X-ray source and the sample. The diffraction angle, 2θ, is defined between 
the incident beam and the detector. The incident angle ω is always half of the detector 
angle 2θ.  In the Bragg-Brentano geometry, the diffraction vector (s) is always normal to 
the surface of the sample. The diffraction vector is the vector that bisects the angle 
between the incident and scattered beam. 
 
Figure 24. The Bragg-Brentano geometry for PXRD diffractometer.  
For a powder diffraction experiment, the basic assumption is that the sample is 
well prepared with tens of thousands of randomly oriented crystallites, the number of 
crystallites with plane normal align with diffraction vector for all the sets of planes is the 
same. When the X-rays scan from low angle to high angle (ω from 0 to 90°, or 2θ from 0 
to 180°), once the Bragg’s law is satisfied, X-ray diffraction occurs and the 
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corresponding peak is collected and shown in the pattern (Figure 25). It happens to all 
the sets of lattice planes with different d values, and a good powder pattern should have 
all the diffraction peaks for a certain crystal system.  
 
Figure 25. Illustration of the diffraction peaks in a PXRD pattern corresponding to the 
crystallographic planes.  
Any diffraction experiment is a Fourier transformation from direct or crystal 
space into reciprocal space yielding intensity data in reciprocal space. Detectors record 
intensities I(hkl), which are directly proportional to the squares of the crystallographic 
structure factors F(hkl) (Eqn. 2):  
I(hkl) µ |F(hkl)|2				 2 , 
F(hkl)	= fjexp (hxi + kyi + lzi)
i
 
where fj is the form factor or atomic scattering factor of atom j, hkl are the Miller indices 
and xyz are the relative atomic positions in the unit cell. The summation j runs over all 
atoms in one unit cell. In addition, there are another five factors affecting the relative 
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intensity of the diffraction lines on a powder pattern, which are the polarization factor, 
multiplicity factor, Lorentz factor, absorption factor and temperature factor.  
The powder diffraction pattern can be directly used for the phase identification of 
material. The diffraction pattern for every phase is as unique as the fingerprint. Phases 
with the same chemical composition can even have drastically different diffraction 
patterns. The position and relative intensity of a series of peaks is used to match 
experimental data to the reference patterns in the database for the phase identification. 
Powder Diffraction File (PDF) is a commonly used database, which contains over 
300,000 diffraction patterns and more are added annually. Usually computer programs 
are used to determine what phases are present in samples by quickly comparing your 
diffraction data to all the patterns in the database.  If the phase cannot be matched to the 
database, the sample may have a new crystalline phase.  The new unknown structure 
might be solved by performing Rietveld refinement based on known structures that are 
close to the unknown one.  The single-crystal X-ray or electron diffraction analysis could 
be the last resort to solve the structure if Rietveld refinement of the powder diffraction 
pattern does not work out.  
Powder X-ray diffraction can also be used to estimate the crystallite size up to 
around 200 nm through implementation of Scherrer’s equation (Eqn. 3): 
t =
Kλ
B cos θ
 			(3), 
where K is Scherrer’s constant, the value depends on the shape of the crystal and the 
crystal system, which usually can be approximated to be 0.94 for spherical crystallites in 
a cubic system.38 λ is the wavelength of the X-ray source and B is the full-width half-
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maximum (FWHM) of diffraction peaks. Given that the peak broadening is the 
convolution result of both sample and instrument, the FWHM value used for Scherrer 
size estimation needs to exclude the instrument part. The instrument part can be measured 
by running the strain-free standard crystals such as LaB6. θ is the angle of reflection of 
the diffraction peak and t is the average diameter of the thickness of the crystallites. 
Ideally, the diffraction peak should be only a line at the angle that satisfies the Bragg 
condition without any width (Figure 26a) for crystals with infinite size.  However, 
broadening is present in the diffraction peak for the crystals with finite size.  
 
 
Figure 26.  Effect of the crystallite size on diffraction peaks: (a) infinite size and (b) 
finite size, adapted and modified from reference 39. 
At diffracting angles that satisfy the Bragg’s Law, the incident waves interact 
constructively with successive planes and provide Bragg signal intensity. At other 
diffracting angles not satisfying the Bragg condition, the waves interfere destructively 
and provide no signal intensity. In the case of angles that vary only slightly from 
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satisfying the Bragg condition, the diffracting planes that provide the destructive 
interference lie deep within a crystal, which means for a finite crystal, they may not exist 
at all. This results in angles of diffraction that do not satisfy Bragg’s Law but still provide 
measurable diffraction intensity near Bragg angles due to incomplete destructive 
interference as a finite crystal size effect. This range of angles is represented by 2θ1 and 
2θ2 in Figure 26b. 
2.2 Gas Sorption 
Gas sorption is a well-established technique used to analyze pore characteristics 
such as surface area, pore volume and pore size distribution of nanoporous materials. The 
analysis includes the gas sorption measurement and subsequent interpretation using 
various theoretical models. The measurement is based on physisorption (van der Waals 
interaction) of gas molecules such as nitrogen, argon and carbon dioxide at their boiling 
temperature. The most common measurement is nitrogen gas uptake at 77 K. In a typical 
experiment, the solid sample in a sealed tube is pretreated by heating under vacuum to 
achieve clean and dry surfaces prior to the measurement. During the measurement, a 
known amount of gas is injected into the sealed space where adsorption happens, and 
once equilibrium is reached, the pressure is measured and so is the amount of adsorbed 
gas molecules.  A series of measurements at different pressures and constant temperature 
are made and collected into a data set called an isotherm. Thus, an isotherm is a figure 
with the amount of gas adsorbed on the sample per unit mass as a function of equilibrium 
pressure, usually the pressure is normalized to the saturation vapor pressure P/P0.  
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The variation of adsorbate-adsorbent interactions as well as the pore geometry 
gives rise to varying shapes of isotherms, which can be classified into six different types 
according to IUPAC classification, as shown in Figure 27.  Reversible Type-I isotherms 
are given by microporous materials with a limited external surface area (activated carbon, 
zeolites or porous oxides). Reversible Type-II isotherms are given by the physisorption of 
most gases on nonporous or macroporous adsorbents. Reversible Type-III isotherms are 
indicative of nonporous or macroporous materials with weak adsorbent–adsorbate 
interactions. Type-IV and Type-V isotherms are both characteristic of adsorbents with 
mesoporosity with strong and weak interaction, respectively. The reversible stepwise 
Type VI isotherm is representative of layer-by-layer adsorption on a highly uniform 
nonporous surface.40 
 
Figure 27. IUPAC-classification of physisorption isotherms.  
Various theoretical models have been developed to extract the information of pore 
characteristics. The BET equation (Eqn. 4), developed by Brunauer, Emmett and Teller 
is the most popular model to determine the total surface area:  
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P
V(P-P0)
	= 1
VmC
+ 
C-1
VmC
·
P
P0
			(4), 
where V is the volume adsorbed, Vm is volume of monolayer, P and P0 are equilibrium 
and saturation pressures, and C is a constant (BET constant) related to the enthalpy of 
adsorption. The specific surface area (SBET) is then calculated from Vm by the following 
equation (Eqn. 5):  
SBET	= Vm·na·𝐴mm·VL 				(5), 
where na is Avogadro constant, Am is the cross sectional area occupied by each nitrogen 
molecule (0.162 nm2), m is the weight of the sample, and VL is the molar volume of 
nitrogen gas at standard temperature and pressure (22,414 cm3).  
The ‘t-plot’ method is commonly used to determine the pore volume and external 
surface area of micropores (pore size < 2 nm). The t-method employs a composite t-
standard (reference) curve, obtained from data on a number of nonporous adsorbents with 
BET C constants similar to that of the microporous sample being tested. The 
experimental test isotherm is then redrawn as at-curve, i.e., a plot of the volume of gas 
adsorbed as a function of t, i.e., the standard multilayer thickness on the reference non-
porous material at the corresponding P/P0. Whereas in practice, these t values are 
calculated with the help of a thickness equation that describes the reference curve. A 
popular one (Eqn. 6) was obtained by de Boer, which represents nitrogen sorption at 77 
K on nonporous adsorbents with oxidic surfaces like, for example, siliceous materials:  
t	= 13.99
log P0 P +	0.034
1
2 				(6). 
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The experimental data plotted against thickness equation data yields a straight line for 
nonporous solids and a deviated line for porous solids. The Y-Intercept equals the 
micropore volume and the slope yields external surface area. The micropore surface area 
then is calculated by subtracting t-plot external surface area from BET (total) surface 
area.  
The total pore volume is calculated by converting gas volume adsorbed at near 
saturation pressure (P/P0 » 1) where all pores are filled to liquid volume. The difference 
between total pore volume and micropore volume is the pore volume corresponding to 
the secondary pores, i.e. mesopores (2 nm < pore size < 50 nm) and small macropores (50 
nm < pore size < 300 nm). Pore size distribution (PSD) is another important property of 
porous materials, which is represented by the distribution of pore volumes with respect to 
the pore widths. The conventional theoretical model for PSD is the so-called Barrett, 
Joyner, and Halenda (BJH) model, which uses the Kelvin equation (Eqn. 7), to relate the 
amount of adsorbate removed from the pores of samples to the size of the pores, as the 
relative pressure (P/P0) is decreased from a high to low value. 
rK	=	 -2γVmol cos θ
RT ln P P0
=	 k
ln P P0
				(7).	 
The Kelvin radius of a pore, rK, is calculated from the gas-liquid surface tension, γ, 
volume of one mol of condensate at temperature T, Vmol, and the contact angle between 
the liquid and pore wall, θ.  However, the BJH model is not ideal for most porous 
materials as it is based on a series of assumptions: firstly, all the pores are rigid and have 
a cylindrical shape; secondly, the pore surface is same as a flat surface and adsorption on 
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to the pore surface ignores any interactions that arise due to the proximity of adsorbed 
films to each other inside of the pores; thirdly, there are no micropores; fourthly, pore 
size distribution does not extend continuously from the mesopore range to the macropore 
range; lastly, the surface chemistry is the same, ignoring the variation of surface 
properties such as hydrophobicity or special organic groups that may interact with probe 
gas molecules.  
Therefore, more accurate and comprehensive theories have been developed, 
which are based on statistical mechanics and connect macroscopic properties to the 
molecular behavior. Nonlocal density functional theory (NLDFT) is a widely-used 
method today that belongs to this category for nanoscale-resolution PSD, which is a non-
direct method that uses a classical fluid density functional theory to construct the 
adsorption isotherms in ideal pore geometries. The PSD result can be obtained by solving 
an adsorption integral equation (Eqn. 8, adsorption integral contribution, first term), 
which is an ill-posed problem, using regularization techniques (Eqn. 8, regularization 
contribution, second term) such as the discrete Tikhonov regularization with non-
negative least squares or the B-spline numerical technique. Thus, the PSD solution will 
be dependent upon the chosen regularization parameter, λ (also known as the smoothing 
parameter). In this equation, Nexp is the experimental N2 adsorption at 77 K, NNLDFT 
represents the theoretical N2 isotherms assuming an ideal pore geometry such as slit pore 
and cylindrical, PSD is the pore size distribution, P/P0 is the pressure ratio with respect to 
the N2 saturation pressure, and D is the pore diameter.  
Nexp
P
P0
= NNLDFT
P
P0
, D PSD D  dD	+	λ [PSD'' D ]2dD   (8).Dmax
Dmin
Dmax
Dmin
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2.3 Electron Microscopy 
Electron microscopy is a very powerful technique that uses highly energetic 
electron beams to examine objects on a fine scale up to the atomic level.  This technique 
can provide different types of information such as morphology, composition, primary 
particle size and crystallographic information, which have tremendous implications in 
material sciences, cancer research, nanotechnology, and semiconductor research.  There 
are two main classes of microscopy, scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM). The working principle for these two 
microscopies is different and they serve to characterize different properties of a material. 
SEM is the technique of choice for the analysis of specimen surfaces.  Figure 28 
shows the typical layout of an SEM microscope, which includes the electron gun 
(electron source and accelerating anode), electromagnetic lenses to focus the electrons, a 
vacuum chamber housing the specimen stage, and a selection of detectors to collect the 
signals emitted from the specimen.  To produce images, in principle, the electron beam is 
focused into a fine probe, which is scanned across the surface of the specimen with the 
help of scan coils.  Each point on the specimen that is struck by the accelerated electrons 
emits signal in the form of electromagnetic radiation.  Selected portions of this radiation, 
usually secondary (SE) and/or backscattered electrons (BSE), are collected by a detector 
and the resulting signal is amplified and displayed on a TV screen or computer monitor.  
 55 
 
Figure 28. Schematic diagram of the core components of a SEM microscope, adapted 
from reference 41. 
Careful specimen preparation for SEM imaging is important for obtaining good-
quality images with reliable information.  In addition to contamination, the conductivity 
of samples requires special attention as insulating or poorly conducting materials will 
have charge built-up issue.  When the beam interacts with the sample, larger fraction of 
electrons remains in the specimen. This charge can flow to ground if the specimen is 
conducting, but accumulates if the sample is insulating, which can affect imaging.  To 
prepare aluminosilicate materials that are insulating for SEM imaging, coating with 
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conductive materials like gold or palladium can help minimize the charging effect.  
Moreover, utilizing rapid scanning and imaging with BSE, and/or low accelerating 
voltage can help too.  
 
Figure 29. Schematic diagram of the core components of a TEM microscope, adapted 
from reference 41. 
TEM is the technique of choice for analysis of specimen’s internal nanostructure, 
imaging atoms and obtaining crystallographic information.  Figure 29 shows the key 
components of a TEM microscope, which encompasses the electron gun, electrostatic 
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lenses to focus the electrons before and after the specimen, and a transmitted electron 
detection system.  TEM operates on the same basic principles as a light microscope but 
uses electrons instead of light.  When an electron beam passes through a thin-section of a 
material, electrons are scattered, and a sophisticated system of electromagnetic lenses 
focuses the scattered electrons into an image or a diffraction pattern. The image/pattern is 
then magnified and focused onto an imaging device, such as a fluorescent screen, or 
charge-coupled device (CCD) camera. 
There are several different TEM imaging modes developed to obtain the 
maximum amount of information from the specimen, and the most common ones are 
bright-field (BF) imaging, electron diffraction (ED), high-resolution TEM (HRTEM), 
scanning TEM (STEM) and high angle annular dark field (HAADF).  BF images are 
formed only from unscattered electrons, areas of the specimen that are actively scattering 
show darker contrast, which can be used to detect changes in crystal orientation such as 
grain boundaries.  Electron diffraction (the electron beam acts as an electromagnetic 
wave here) is analogous to X-ray diffraction.  By analysis of electron diffraction pattern, 
one can determine the crystallography of the sample including lattice type, point group, 
lattice parameters, local crystal orientation, existence of different phases, and phase 
orientation relationships.  HRTEM images are formed from all the scattering electron 
waves, the electron waves interacting with the crystal lattice, and form complex 
interference patterns visible at magnifications of 400 K or more.  However, HRTEM 
images are usually wrongly referred as TEM images that show highly ordered atom 
arrangements.  Some instruments are equipped with scan foils that can scan a focused 
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electron beam across the specimen. This type of imaging mode is called STEM imaging.  
STEM mode is extremely useful for carrying out sequential chemical analysis across 
areas of the specimen.  In STEM mode, electrons incoherently scattered through very 
high angles can be collected using a high angle annular dark field (HAADF) detector. 
HAADF images show very strong contrast changes due to local changes in atomic 
number of the specimen (Z-contrast), and can be used to analyze chemistry at the atomic 
scale.  
Specimens for TEM imaging are usually loaded onto a sample support mesh 
(grid) made of pure metals such as copper and molybdenum coated with a thin carbon 
film.  It is usually simple to prepare the samples with dimensions of 100 nm or smaller. 
Commonly the sample is dispersed in solvent followed by sonication, and then dropped 
onto the grid and left to air dry.  However, for larger samples, the preparation requires 
thinning to electron transparent thickness (< 100 nm) first.  A commonly used technique 
is ultramicrotomy.  Hard samples can be directly sectioned to 60 – 100 nm, but soft 
samples require them to be embedded into epoxy resin so that they can be sectioned into 
60 – 100 nm.  
To obtain good-quality TEM images of zeolite samples, particularly hydrated 
ones, is rather challenging.  They are extremely susceptible to the electron beams, very 
easily amorphized via radiolytic damage where the incident electron transfers energy to 
the electrons in the specimen resulting in bond breakage and consequently the alteration 
of the structure.  Several methods have been identified that can minimize the rate of beam 
damage, including the increase of beam energy (typically up to 300 kV), removing the 
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zeolitic water and direct use of electron beam with low-dose rate.  Moreover, the thesis 
author recognized that use of continuous carbon support film can also minimize the 
damage rate, a method which has not been documented elsewhere.  The use of low-dose 
electron beam seems to be the most efficient approach to obtain TEM images with decent 
quality for zeolite materials, especially when it is combined with a fast single electron 
counting direct detection camera, which can provide much higher signal-to-noise ratio 
than the conventional CCD camera.  
2.4 Dynamic Light Scattering (DLS) 
Dynamic Light Scattering (sometimes referred to as Photon Correlation 
Spectroscopy or Quasi-Elastic Light Scattering) is a technique for measuring the size of 
particles, usually in the submicron region.  DLS is one of two categories of modern light 
scattering techniques, the other one is called static light scattering. SLS is a classical light 
scattering or multi-angle light scattering (MALS), the intensity of the scattered light is 
measured as a function of angle, neglecting the diffusion of the particles in solution. It 
can determine the average molecular weight Mw of a macromolecule like a polymer or a 
protein in solution, and also allows calculation of the root mean square radius and second 
virial coefficient. Dynamic light scattering measures Brownian motion and relates it to 
the size of the particles in a liquid solution. Brownian motion is the random movement of 
particles due to bombardment by the solvent molecules surround them.  
In a typical DLS experiment, when laser light encounters particles the incident 
light scatters in all directions and scattering intensity is recorded by a detector. There will 
be a fluctuating destructive or constructive interference as the particles are in continuous 
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motion in solution. This leads to time-dependent fluctuations in the scattered light 
intensity. As shown in Figure 30a, at a certain time t1, the scattered waves lead to a 
constructive interference resulting in a high intensity and at time t2 the scattered waves 
interfere destructively giving a low intensity. The fluctuated intensities are then 
correlated to decay time (Figure 30b) using the autocorrelation function (Eqn. 9): 
 
Figure 30. (a) Scattered light intensity as a function of time. (b) Time-averaged 
autocorrelation function of the scattered intensity as a function of time. Adapted and 
modified from reference 42. 
Fs q,	τ = exp –	Ds	q2	τ = I q,	t I q,	t	+	τI q,	t 2 –1     	(9), 
where I(t) is the intensity of the scattered light at time t, q is scatter vector, and t	is the 
delay time. Therefore, the correlation curve tells how rapidly the intensity fluctuates 
which is directly related to the diffusion behavior of particles caused by the Brownian 
motion. If there are no particles in solution, the correlation decay is not seen; if the 
particles are large, the decay is slow; and decay is fast when the particles are small.  
The Brownian motion of particles, defined by a property known as the 
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translational diffusion coefficient Ds, satisfying the following equation (Eqn. 10):  
ΔR τ 2 	=	6 Dsτ 	with 	Ds= kBT6πηRH 				(10), 
where R(t)2 is the mean squared displacement, kB is the Boltzmann constant, h is the 
viscosity of the solvent, and the RH is hydrodynamic radius of particles. Ds describes the 
balance between the thermal energy kBT, which stimulates the particle to the Brownian 
motion, and the internal friction 6phRH, leading to a deceleration of the particles. When 
the logarithm of the autocorrelation function FS(q,t) is plotted as a function of t, the 
diffusion coefficient Ds is determined by the slope of the plot where it shows linear 
behavior:  
 
Figure 31. Logarithmized autocorrelation function FS(q,t) as a function of t. adapted 
from reference 43. 
The second part of Eqn. 10 is called the Stokes-Einstein equation, by which the 
hydrodynamic radius of particles (RH) can be calculated. However, it should be noted that 
the hydrodynamic size calculated here assumes the particles are spherical. For non-
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spherical particles, the size values obtained from DLS is the size of a spherical particle 
that has the same transitional diffusion velocity as the particles being measured, not the 
real size. 
2.5 Solid-State 29Si and 27Al NMR 
Solid-state nuclear magnetic resonance (ssNMR) is a spectroscopic technique that 
can be used to investigate the structure of solid-state materials (both crystalline and 
amorphous) on the atomic scale, particularly the local geometry and molecular 
coordination environments.  Compared to the more common solution NMR spectroscopy, 
ssNMR spectra usually have very broad and distorted peaks due to the presence of 
anisotropic or orientation-dependent interactions.  Two directionally dependent 
interactions commonly found in solid-state NMR are the chemical shift anisotropy (CSA) 
induced by the electron cloud around the nucleus and the dipolar coupling to other 
nuclear spins.  More such interactions exist, particularly quadrupolar coupling of nuclei 
with spin quantum number >1/2 and dipolar couplings to electron spins.  To minimize 
these anisotropic interactions, additional hardware for high-power radio-frequency 
irradiation and magic-angle spinning (MAS) is required.   
Within the scope of this thesis, MAS 29Si and 27Al NMR were used to examine 
the chemical environments of Si and Al atoms and thus the phase information of 
aluminosilicate samples. The terminology and designation of silicon atoms for the 
interpretation of 29Si MAS NMR spectra of aluminosilicate systems were based on the 
nomenclature generally used for siloxane units Qn in inorganic amorphous silica, where n 
is the number of covalent Si-O bonds in the polymer network that varies from 0 and 4. 
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The basic structural units of aluminosilicates (zeolites and geopolymeric materials in this 
work) are Q4(mAl), where  m= 0 – 4, as the silicon atoms are bonded to 4 oxygen atoms 
and can in the second-coordination sphere be replaced by Al.  It was shown that the 
number of Al atoms in the second-coordination sphere significantly influences the 
resulting chemical shift in the obtained 29Si MAS NMR spectra.  The range of the 
possible shifts of the individual structural units Q4(mAl) are shown in Figure 32.  The 
shifts of Q4(mAl) (m = 4, 3, 2, 1, 0) units for crystalline zeolites are usually well-defined, 
with the maxima typically at 88, 93, 98, 104, and 109 ppm, respectively.  However, the 
shifts of individual units for geopolymeric materials are usually broadened and 
overlapping each other, existing as a broad featureless hump (centered at 92 ppm) that 
spans between 80 and 110 ppm that indicates a full range of completely condensed 
siloxane building units. The individual structural units in geopolymeric materials can be 
typically interpreted by deconvoluting this broad hump with well-defined shifts as 
observed in zeolites.  
The shifts observed in 27Al NMR spectroscopy are also strongly dependent on the 
coordination environment of Al; there are 4-, 5- and 6-coordinated Al-O environments 
that exhibit distinguishable separation between their chemical shifts.  Al in a 4-
coordinated environment gives rise to a shift occurring around 50 to 80 ppm while the 
shift for 6-coordinated Al is from –10 to 15 ppm. The chemical shift for 5-coordinated Al 
falls in between around 30 and 40 ppm.  The 4-coordinated Al atoms with different 
occupation of the second-coordination sphere show further difference in the shift.  For 
example, the AlO4(3Si) shows a shift around 70 ppm, while AlO4(4Si) is around 55–65 
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ppm (Figure 32).  However, typical 27Al MAS NMR spectra of inorganic aluminosilicate 
polymers usually exhibit a single signal with a chemical shift of approximately 58 ppm, 
which corresponds to 4-coordinated Al.  Consequently, 27Al and 29Si MAS NMR spectra 
dominated by a single broad signal at around 58 and 92 ppm, respectively, can be used as 
standard for the quality estimation of newly prepared amorphous polymeric 
aluminosilicate materials. 
 
Figure 32. Typical range of 29Si NMR chemical shift of Qn(0Al) and Q4(0–4Al) 
structural units in aluminosilicates (left) and the range of 27Al NMR chemical shift for Al 
atoms with various states of coordination (right). Adapted from reference 44. 
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CHAPTER 3 
3 TEMPLATE-FREE SYNTHESIS AND STRUCTURAL EVOLUTION OF 
DISCRETE HYDROXYCANCRINITE ZEOLITE NANORODS FROM HIGH-
CONCENTRATION HYDROGELS 
3.1 Introduction 
Nanoscale materials have been of great interest for many decades due to their 
unique properties and potential applications in diverse fields including catalysis, 
photonics, electronics and sensing.45-48  In particular, zeolite nanocrystals are the focus of 
increasing research activity because their nanostructural properties may be coupled with 
the innate functionalities of micropores.48-49  The reduction of particle size from 
micrometers to nanometers leads to substantial changes in the properties of zeolites and 
thus different performances for their applications.  For example, due to their much higher 
external surface area and shorter diffusion path lengths, zeolite nanocrystals have 
demonstrated significant improvements as fluid catalytic cracking (FCC) catalysts and as 
highly selective p-xylene adsorbents.50  Other examples of nanozeolite applications 
include zeolite-based sensors, antibacterial agents and gas storage for medical 
applications.51  In addition to size reduction, control of their shape or morphological 
anisotropy is of a great importance as it holds promise for emerging applications.  
Recently, two-dimensional zeolite nanosheets have been used as low-dielectric constant 
materials and anti-corrosion coatings.52-54  While rare in the literature, zeolite nanorods 
may exhibit interesting thermal and mechanical properties as a new inorganic one-
dimensional material.55-57 
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The synthesis of zeolite nanocrystals can be carried out through various methods 
and the most practical method employs aluminosilicate hydrogels as the precursor.  
Significant progress has been made in the hydrogel synthesis of nanosized zeolites,30, 51-52, 
58-59 since the first synthesis of zeolite L nanoparticles by Meng et al. in 1992.60  The 
examples range from low Si/Al zeolites to pure silica molecular sieves including types 
LTA, FAU/EMT, OFF, LTL, MOR, BEA and MFI.61  Meanwhile, the use of a clear 
suspension can provide high-quality discrete nanosized zeolite particles and the 
aggregation/agglomeration of particles is limited.51, 62-63  This approach has sparse 
practical uses and their utilization is restricted to laboratory investigations because of its 
low crystalline yield.58  Likewise, space-confinement methods are costly, as they require 
pre-formed templates and the templates need to be removed after the synthesis.  Dry-gel 
methods are not desirable because they result in heavily aggregated nanoparticles, rather 
than discrete particles, and thus the method does not provide complete control of the 
product morphologies.58 
The hydrogel method shares the same drawback of aggregation as the dry-gel 
methods but to a less severe extent.60  Zeolite (MFI and FAU) nanosheets are obtained as 
aggregates (“intergrown nanosheets”) from hydrogels but it has been recently found that 
they can be exfoliated into discrete two-dimensional materials through various routes 
although they can be still expensive and time-consuming.30, 64  As far as rod-shaped 
zeolites are concerned in the literature, most of them have diameters larger than 100 
nm,20, 65-67 which can be due to “aggregative growth” of nanocrystals.68 As an exception, 
zeolite ZSM-22 nanorods have been observed transiently as clustered particles but then 
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aggregated into much thicker elongated particles before they became fully crystalized.69  
Unfortunately, the aggregation occurs too soon for the nanorods to fully develop their 
crystallinity. 
Herein, a one-step hydrogel synthesis of hydroxycancrinite (CAN) zeolite 
nanorods that are discrete and highly crystalline is discussed. The time evolution of the 
nanorods was studied by following hydrogel formation, nucleation, phase changes and 
crystal growth by using transmission electron microscopy as well as powder X-ray 
diffraction and FT-IR spectroscopic studies.  This synthesis does not require any 
surfactant or templates and is carried out at temperatures no greater than 120 °C with 
very high concentrations of the aluminosilicate precursors, making the synthesis more 
practical. 
3.2 Experimental  
3.2.1 Materials Synthesis  
The aluminosilicate nanorods were synthesized by starting with an 
aluminosilicate precursor mixture having a composition of 4Na:Al:2Si: 16.3H2O (x = 
0.70).  The mixture was prepared by first dissolving 6.374 g of NaOH pellets (Sigma 
Aldrich) and 11.009 g of water glass (Sigma Aldrich; SiO2 27 wt%, NaOH 14 wt%, H2O 
59 wt%) in deionized (DI) water (6.282 g).  5.495 g of metakaolin (MetaMax® from 
BASF) was then added into solution. The chemical composition (wt%) of metakaolin was 
SiO2: 53.0%, Al2O3: 43.8%, Na2O: 0.23%, K2O: 0.19%, TiO2: 1.7%, Fe2O3: 0.43%. After 
stirring with a mechanical mixer (IKA RW 60 digital mixer) at 800 rpm for 40 min, a 
visually homogeneous and free-flowing solution was obtained.  The solution was poured 
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into 50 ml-polypropylene tubes and the tubes were tightly closed, and placed in a 
laboratory oven at 60, 90 or 120 °C for different reaction periods (0.5, 1, 3, 6, 12, 24, 72 
and 168 h).  After heating, the product was taken out from the tubes and washed with 
deionized water multiple times until the pH of the supernatant became around 8.  The 
final product was collected after centrifugation, then dried in a laboratory oven at 90 °C 
overnight and stored in sealed glass vials at room temperature for further analyses.  
3.2.2 Materials Characterization  
Powder X-ray diffraction (PXRD) patterns of the dried samples were collected on 
Bruker D5000 powder X-ray diffractometer (Ni-filtered Cu Kα radiation with a 
wavelength of 1.5406 Å, operated at 40 kV and 40 mA, VANTEC- position-sensitive 
detector) at a scan speed of 2.0 degrees/min and a step size of 0.04 degrees 2θ.  The 
Fourier transform infrared (FT-IR) spectra were recorded using a Bruker IFS66V/S 
attenuated total reflection (ATR) FT-IR spectrometer.  Scanning electron microscopy 
(SEM) images of powder samples were collected using an XL30 environmental FEG 
(FEI) microscope operating at 15 kV acceleration voltage.  Transmission electron 
microscopy (TEM) was carried out using a Titan 80-300 FEG-TEM (FEI Co.) operated at 
300 kV.  The microscope was equipped with an ultra-bright X-FEG electron gun, and two 
biprisms located in the first and second selected area aperture planes, separated by an 
“extra lens”.  Both cameras were mounted on the TEM with a K2 camera located 
downstream of the UltraScan.  The microscope was operated in the “counted mode” 
under the submit mode, to count single electron events.  Elemental compositions of the 
zeolite samples were determined by combining Rutherford backscattering (RBS) and 
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particle induced X-ray emission (PIXE) data. RBS profiles and PIXE spectra were 
obtained with a 2.0 MeV He++ particle beam produced by a tandem accelerator in a high 
vacuum area. RUMP simulation program was used to fit the RBS data and GUPIX was 
used to fit the He PIXE data. 
Brunauer-Emmett-Teller (BET) surface areas were estimated with a Micrometrics 
ASAP 2020 volumetric adsorption analyzer with nitrogen as the adsorbate at 77 K.  Prior 
to the analysis, samples (about 300 mg) were degassed at 300 °C for at least 12 h under a 
vacuum until a residual pressure of ≤10 µmHg was reached.  Specific surface areas were 
determined from the BET equation.  The t-plot method was used to distinguish the 
micropores from the mesopores in the samples and to calculate the external surface areas.  
The mesopore volumes were calculated after subtracting the micropore volume from the 
total pore volume.  Mesopore size distributions were obtained by applying the Barrett-
Joyner-Halenda (BJH) method on the desorption branch of the gas isotherms, assuming a 
cylindrical pore model.70  Dynamic light scattering (DLS) and zeta potential 
measurements of the sample dispersions in DI water were performed at room temperature 
on Malvern Nano-ZS instrument equipped with a multi-purpose titrator (MPT-2).  The 
wavelength of the laser was 633 nm and the refractive index of the material was chosen 
to be 1.47.  DLS measurements were performed after diluting the products to ~50 ppm 
with DI water.  Before measurements, sample dispersions were prepared by 
ultrasonication for 5 min.  Titrations were performed on ~50 ppm dispersions at the pH 
from 12 to 4. 
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3.3 Results and Discussion 
The optimal synthetic conditions were determined from our exploration of the 
kinetic phase diagram of aluminosilicates produced using so-called “geopolymer 
hydrogels”71-73 and the complete phase diagram will be discussed separately in Chapter 
4.  Unlike the typical hydrogels used zeolite synthesis, the geopolymer hydrogels are 
prepared with very high metal precursor concentrations (> 20 m combined concentration 
of Na, Al and Si).  In addition, the method requires a water-insoluble aluminosilicate 
compound as a source for Al and Si that dissolves in a highly alkaline solution.  
Metakaolin (Al2Si2O7; Al:Si = 1:1) is the most well-established aluminosilicate precursor 
for this purpose.  Due to the high concentration of the precursor metal ions, the initial 
hydrogels are firm and fill the entire volume of the precursor liquid.  For the synthesis of 
cancrinite, the suitable concentration range of NaOH was found to be 13 – 17 m and the 
typical Na:Al:Si ratios in the precursor solutions were (4 – 5):1:2.  These precursor 
compositions provided highly crystalline pure cancrinite products in our preliminary 
experiments.  
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Figure 33. PXRD patterns of metakaolin (MK) and the products formed at 60 °C (a), 
90 °C (b) and 120 °C (c) after various reaction periods, along with simulated patterns of 
cancrinite (CAN) and sodalite (SOD) zeolites. Peaks (*) are due to anatase impurity in 
metakaolin. 
Figure 33 shows the time-evolution PXRD patterns of the products prepared at 
the three representative temperatures (60 °C: low; 90 °C: medium; 120 °C: high).  After 
heating at 60 °C for 30 min, metakaolin loses its characteristic broad hump around 23°, 
indicating its reaction/dissolution in the alkaline solution.  Broad Bragg peaks start to 
appear after 1 h, and the peaks can be assigned as either sodalite (SOD) or cancrinite 
(CAN) (Figure 33a).  Longer heating improves the crystallinity of the two zeolite phases 
as the peaks become sharper in time, while the relative peak intensities are more or less 
the same between SOD and CAN.  Even after 168 h (7 d), both phases coexist at this 
temperature.  At 90 °C, the reaction of metakaolin with NaOH and sodium silicate 
proceeds more rapidly.  After 30 min, the system shows a broad hump around 28° which 
indicates formation of geopolymeric species (Figure 33b).6 Both SOD and CAN start to 
appear after 1 h, but the CAN phase becomes dominant in time as the SOD phase 
gradually decreases in amount and eventually disappears completely after 24 h of 
heating.  The dominant formation of the CAN phase is more evident in the PXRD 
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patterns from the 120 °C reaction in that the products are a pure CAN phase after 3 h of 
heating (Figure 33c).  Interestingly, the SOD phase appears after 30 min but then 
disappears almost completely after 1 h.  
The observed phase evolution was examined further by FT-IR spectroscopy with 
the products from the 90 and 120 °C reactions (Figure 34).  Metakaolin, the starting 
aluminosilicate, exhibits broad intense asymmetric bands at 1067, 804 and 444 cm-1, 
which are stretching Si−O vibrations, stretching vibrations of hexa-coordinate 
Al(VI)−OH and Al(VI)−O, and bending vibrations of Si−O−Si and O−Si−O, 
respectively.74  A striking feature of the FT-IR spectra of the products after different 
reaction periods is the immediate shift of the intense Si–O vibration of metakaolin by 90 
cm-1 to a lower frequency after 30 min, indicating dissolution of the metakaolin structure 
and subsequent formation of aluminosilicate species with lower T–O (T = Si, Al) 
vibration energies (959 – 979 cm-1).75-76  The main peak around 978 cm-1 in the 0.5 h 
products is assigned as asymmetric stretching of T−O in the SOD framework.  The peak 
positions gradually shift to 960 cm-1 as the CAN phase dominates.  The small peaks at 
422, 453, 498, 565, 623, 677, 756 (758) and 1099 (1103) cm-1 are from the CAN.77  More 
closely, the bands at 422, 453 and 498 cm-1 can be assigned to O−T−O bending (T = Si, 
Al) vibrations, and the band at 1099 (1103) cm-1 can be assigned to asymmetrical T−O 
stretching.75  The bands at 677 and 756 (758) cm-1 are due to the vibrations of the 4-
membered rings of CAN, and the one at 623 cm-1 is due to the vibrations of both 4- and 
6-membered rings77.  From 1 h to 168 h (7 d), no shift was observed for the bands around 
1100 cm-1 and in the region between 800 and 400 cm-1 but their intensities increase in 
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time, in agreement with the increasing crystallinity of CAN found from the PXRD 
analysis.   
 
Figure 34. FT-IR spectra of metakaolin (MK) and the products formed at 90 °C (a) and 
120 °C (b) after various reaction periods.  
Figure 35 shows the TEM images of the products formed at 120 °C after various 
reaction periods.  After heating for 0.5 h, aggregates of small particles with a size 
between 10 and 20 nm are observed (Figure 35a).  At glance, the primary particles look 
more or less the same in shape but the corresponding HRTEM image (in Appendix A, 
Figure A1) indicates two distinctively different sets of crystalline particles with different 
morphologies and lattice fringes.  In Appendix A, Figure A1a, anisotropic particles with 
narrowly spaced lattice fringes are indicated with red boundary lines, while the rest of the 
particles are isotropic and often exhibit lattice fringes with a hexagonal symmetry and 
larger spacings.  Fast Fourier transform (FFT) patterns from the anisotropic particles 
indicate that the narrowly spaced lattice fringes of the particles correspond to the (110) 
lattice planes of the CAN structure (Appendix A, Figure A1b).  In other words, although 
the PXRD pattern of the 120 °C-0.5 h product showed only the SOD Bragg peaks 
(Figure 33c), the product actually contains an appreciable amount of CAN nanoparticles.  
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Upon heating longer than 0.5 h, the CAN phase dominates as shown in the PXRD 
patterns (Figure 33c).  The Si/Al ratio of the 120 °C-0.5 h product was 1.4 (Appendix A, 
Table A1), which is much higher than what it is expected for SOD (Si/Al = 1) obtained 
from conventional template-free hydrothermal synthesis,78-79 as well as for the CAN 
nanorods in the products after longer heating periods (Si/Al ~ 1.2; see below).  This 
implies that the 120 °C-0.5 h product may contain an amorphous phase, as an additional 
component, that has a high Si/Al ratio but is not well detected by XRD.  Although less 
likely, it is possible that the SOD and CAN particles in the product have a high Si/Al 
ratio in their early stages of growth. 
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Figure 35. TEM images of the products formed at 120 °C after various time periods of 
(a) 0.5, (b) 1, (c) 3, (d) 6, (e) 24 and (f) 72h. The corresponding size aspect ratio 
distributions for 3, 6, 24 and 72h products are given in (g). 
After 0.5 h, the CAN particles grow anisotropically to form nanorods, as can be 
seen in the TEM images of the particles after 1, 3, 6, 24 and 72 h (Figures 35b to 35f, 
respectively).  The aspect ratios of the nanorods increases over time as shown in Figure 
35g.  Notably, their diameter increased from mostly 10 – 20 nm only up to about 45 nm, 
while their length increased up to 450 nm (Appendix A, Figure A2).  The same trend is 
observed for the products from the 90 °C reaction but with a slower growth of the 
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nanorods (Appendix A, Figure A3).  The formation of the nanorods is interesting 
because (1) it is rare to find high aspect-ratio zeolite nanorods and (2) the nanorods were 
formed starting with a dense gel.  Zeolites with an axial symmetry, such as EMT, zeolite 
L and CAN, often show an anisotropic crystal growth and highly crystalline rod-like 
particles have been obtained with diameters larger than 100 nm.20, 65-67  These are not 
considered to be nanorods due to their large diameter and in fact nanosized zeolites have 
been reported only in more or less isotropic shapes or plate-like shapes.62-63  It is also 
noted that wet synthesis of metal oxide nanorods is usually carried out in dilute solution 
conditions rather than in hydrogel conditions.80-82  As an exception, it has been observed 
that amorphous alumina gels could be converted to boehmite nanorods under high 
temperature hydrothermal conditions at 200 °C.83  As far as zeolites are concerned, 
hydrogel precursors in zeolite synthesis are prone to aggregative growth which leads to 
formation of large crystals.68, 84  For example, ZSM-22 nanorods (~15 nm in diameter and 
~40 nm in length) appeared only transiently as clustered particles before they became 
aggregated together to form much bulkier elongated particles.69  
Certainly, the aggregate structures observed in the TEM images (Figures 35 and 
A3 in Appendix A), particularly for the 0.5, 1, 3 and 6 h-products, reflect the gel nature 
of the precursors.  This also corroborates pore characteristics obtained from nitrogen gas 
sorption experiments (Appendix A, Figure A4 and Table A1).  All the isotherms could 
be classified as a combination of type II and type IV isotherms with H1-type hysteresis 
loops (Appendix A, Figure A4a), indicating the presence of both mesopores and 
macropores.  The obtained gas sorption isotherms and the pore characteristics do not 
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reflect the presence of the micropores in the CAN zeolite.  It has been known that the 
anions (OH–, SO42–, CO32–, etc.) present in the CAN micropores block the entrance of gas 
molecules, thereby restricting the gas adsorption.20, 66-67  Meanwhile, the BJH pore width 
distributions show that there exist pores with pore sizes ranging from 10 – 100 nm in all 
products (Appendix A, Figure A4b).  The mesopores and small macropores must be 
from the textural porosity associated with the aggregate structures of the product.  
Notably, the pore volume increases as the reaction time increases up to 6 h and decreases 
significantly after long heating periods (24 and 168 h) (Appendix A, Table A2).  The 
initial increases correspond to the reorganization of the dense gel by the formation of 
distinctive anisotropic nanoparticles.  However, the further growth of the particles to long 
nanorods brings them apart and thus the textural porosity eventually would decrease after 
extended heating.  
 
Figure 36. (a) Hydrodynamic diameter distribution of nanorods and (b) Z-average 
diameter (red) and zeta potential (green) of a dilute nanorod (120 °C-168 h) suspension as 
a function of pH. 
Figure A5 (Appendix A) shows two SEM images of the 120 °C-168h product 
prepared from different dispersions in ethanol with high (~0.6 wt%) and low (~0.1 wt%) 
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concentrations.  After being dropped on a SEM carbon tape substrate and dried 
ambiently, the nanorods from the high-concentration dispersion appear to be stacked 
randomly with large voids among them (Appendix A, Figure A5a).  However, they line 
up in parallel when the dispersion is dilute.  This indicates that the nanorods exist mostly 
as discrete particles rather than as fused particles like the aggregates that appear in the 
beginning of the aluminosilicate formation.  The presence of discrete nanorods is 
evidenced further from the DLS results, although the estimated particle sizes are just an 
equivalent hydrodynamic diameter of the highly anisotropic nanorods.  In Figure 36a, 
the hydrodynamic diameters of the nanorods in a dilute dispersion of the 120 °C-168 h 
product are in the range of 100 – 500 nm at pH ~ 9.  The small diameters are consistent 
with what is expected for the discrete nanorods.  The zeta potential values of the 
nanorods are well below –30 mV in the high pH region but it gradually increases and 
becomes higher than –30 mV at a pH of around 6 (Figure 36b).  The dispersion of the 
discrete nanorods becomes unstable below that pH and the nanorods starts to agglomerate 
as indicated by rapid increase in the Z-average particle diameter in Figure 36b.  Below 
pH 5, the decrease in the Z-average may be due to the dissolution of the aluminosilicate 
nanorods in the acidic condition.  
The CAN nanorods (120 °C-168 h) were investigated by HRTEM in order to 
examine their crystal habit and grow direction.  A low-dose imaging mode was employed 
to alleviate the problem of the extreme beam sensitivity of zeolites.  Figure 37a shows a 
HRTEM image of a nanorod which has quite visible lattice fringes.  In Figure 37b, the 
FFT pattern from the red-boxed area exhibits a rectangular reciprocal lattice with periodic 
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spacings of 0.92 and 1.9 nm-1.  This corresponds to the b*c*-plane (or equivalently the 
a*c*-plane) for the hexagonal CAN structure (b* = 0.906 nm-1 and c* = 1.92 nm-1 from 
the refined unit cell parameters from its PXRD pattern: a = b = 12.744 (6) Å; c = 5.206 
(5) Å).  The analysis indicates that the CAN nanorods are elongated along the c direction.  
Figure 37c was obtained by conducting inverse FFT (iFFT) on the FFT pattern.  The 
measured periodicity of 10.8 Å is in agreement with the value of the d010 value (11.037 
Å) from the unit cell parameter.  Fortuitously, an HRTEM image was obtained for a 
highly-facetted single nanorod that stands almost vertically along the electron beam 
direction (Figure 37d).  The FFT pattern in Figure 37e corresponds to the a*b*-plane 
with the observed periodic spacings of a*= 0.917 nm-1 and b*= 0.919 nm-1.  Therefore, the 
six edge facets of the nanorod could be assigned as (100), (010), (101), (100), (010) and 
(110), and this implies that the lateral crystal growth occurs along the unit cell vector 
directions rather than the directions normal to the unit cell faces.  All the analysis results 
of the HRTEM images are summed up in Figure 37g where the orientation and facets of 
the nanorod are assigned based on these analyses.  
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Figure 37. (a) HRTEM image from a single nanorod (120 °C-168 h) lying on the support 
carbon film.  (b) Fast Fourier transform (FFT) of the red-boxed rectangle area in (a).  (c) 
Inverse FFT (iFFT) of the filtered pattern in (b).  (d) HRTEM image of a vertically 
standing nanorod.  (e) FFT of the red-boxed rectangle area in (d).  (f) iFFT of the filtered 
pattern in (e).  Schematic diagrams of the facets and the structure of the nanorods, drawn 
based on the HRTEM image analysis. 
Figure 38 illustrates the nanorod formation process conjectured from all above 
observations and analyses.  The dissolution of metakaolin in sodium hydroxide/sodium 
silicate solution results in formation of a hydrogel at first (Step (a)).  Subsequently, 
massive nucleation occurs within the hydrogel in a short period of time (< 30 min. at 
120 °C) to lead to formation of SOD nanocrystals as dense aggregates and yet the SOD 
nanocrystals start to transform immediately to CAN nanocrystals (<10 nm) (Step (b)).  
That is, kinetically favored SOD precipitate first and then transform to more 
thermodynamically stable CAN.65, 85  It has been reported in the literature that the 
 81 
transformation is a solution-mediated process where the SOD phase must dissolve first 
into the mother liquor for the subsequent formation of CAN.  The system must follow the 
same solution-mediated process, as it was observed in the separate experiments that SOD 
crystals did not undergo the phase transformation in the absence of mother liquor 
(Appendix A, Figure A6).  In Step (c), all the SOD crystals are then transformed to 
CAN while CAN nanocrystals grow longer.  Finally, the particles grow into nanorods 
with higher aspect ratios (Step (d)).  As the crystallinity of the nanorods improves over 
time, the aggregates disintegrate further into discrete nanorods, likely because of the 
mismatch of the atomic arrangements at the joint surfaces of the neighboring nanorods.  
It is impossible to discern the effect of the impurities, mainly TiO2 and Fe2O3, that are 
present in the metakaolin precursor and remain in the reaction solution throughout the 
nucleation and growth.  However, it is apparent that they do not act as the seeds for the 
formation of the nanorods, as all the nanorods are free of foreign components.  As far as 
dissolved Ti4+ and Fe3+ ions are concerned, it is expected that their concentrations are low 
under alkaline condition.86-87  It has been shown in previous work that the nucleation and 
growth behaviors of zeolites are not affected by such impurities, expect for the growth 
kinetics.88  
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Figure 38. Illustration of the hydroxycancrinite nanorod formation process conjectured 
from all observations and analyses. 
The anisotropic growth in Step (d) of CAN nanocrystal formation must be due to 
the hexagonal crystal structure and yet the observed nano-dimensions of the crystals 
needs a further examination.  The limited growth and nanosize of the final products may 
be understood in terms of the extremely high concentration of sodium hydroxide in the 
precursor solution (>13 m).  It has been indicated that an increase in concentration of 
alkaline hydroxide (e.g., NaOH) ultimately leads to a decrease in size of the zeolite 
particles, because the high alkalinity reduces the induction period for zeolitic nuclei 
formation from the initial amorphous precursor gel particles.89  A long induction time is 
not desirable because the gel particles grow bigger during the period, hence resulting in 
large zeolite particles.90  The short induction time of less than 3 h observed for zeolite 
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nanoparticle formation,90 is indeed within the time period in which the SOD nanocrystals 
form.  A similar alkalinity effect was reported in the synthesis of zeolite L where the 
average particle size of the products decreased from 2.5 µm to 150 nm, when the KOH 
concentration increased from 2.2 to 3.7 m.91  An alternative explanation can be given 
based on previous studies of ZnO nanoparticle or nanorod synthesis in the presence of a 
strong base where relatively high concentrations of NaOH were required to precipitously 
suppress the growth of the nanocrystals.92  Under the synthetic conditions, the crystal 
growth is severely limited by an effective passivating layer around the growing 
nanocrystals formed by a virtual capping shell of Na+ ions, being attracted by the 
hydroxyl ions on the crystal surface. 
3.4 Concluding Remarks  
Discrete hexagonal hydroxycancrinite zeolite nanorods have been synthesized by 
hydrothermal treatment of high-concentration aluminosilicate hydrogels at temperatures 
no greater than 120 °C without using structure-directing agents or templates. High-
resolution transmission electron microscopy studies reveal that the nanorods have a high-
crystallinity and their hexagonal shapes are correlated with the crystal symmetry of the 
zeolite.  The combined studies of powder X-ray diffraction, FT-IR spectroscopy and 
electron microscopies indicate (1) that the hydrogel undergoes a massive nucleation to 
isotropic sodalite nanocrystals in aggregates, (2) that the sodalite nanocrystals transform 
to cancrinite nanocrystals of the same size, and (3) that the cancrinite nanocrystals grow 
into nanorods without a significant increase in their diameter.  The growth of the 
nanorods is accompanied by an increase of their crystallinity, which is a potential cause 
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of disintegration of the aggregates into discrete nanorods.  The aqueous dispersion of the 
discrete nanorods displays a good stability in the pH range between 6 and 12 with zeta 
potential values no greater than –30 mV.  The synthesis is unique in that the initial 
aggregated nanocrystals do not grow into microsized particles (aggregative growth) but 
into discrete nanorods.  While it is not clear why the discrete nanorods do not aggregate, 
the findings demonstrate that discrete nanocrystals can be produced from hydrogel 
systems with high concentrations of precursors.  In any event, the availability of the 
highly crystalline discrete zeolite nanorods may allow interesting applications of zeolites 
as a new one-dimensional material. 
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CHAPTER 4 
4 EXPLORATORY SYNTHESIS OF LOW-SILICA NANOZEOLITES THROUGH 
GEOPOLYMER CHEMISTRY 
4.1 Introduction 
Zeolites are a class of crystalline microporous aluminosilicate materials, with 
highly ordered pore channels on the molecular level, which find application in catalysis, 
separation and ion exchange.49, 93  The wide application of zeolites is due to their tunable 
properties such as acidity or composition, selectivity by designing new framework 
structures, or introducing certain desired active sites.  While the composition and pore 
architecture of zeolites are important, their particle size also influences their properties 
and thus their performances in many chemical processes such as catalysis and separation.  
For instance, the reduction of particle size of zeolites from several micrometers to 
nanometers (< 100 nm) have shown significant improvements in fluid catalytic cracking94 
and selective m-xylene separation.50 This is due to improved reactivity and faster kinetics, 
which can be attributed to the much larger external surface area and shorter diffusion path 
lengths found for the “nanozeolites”.  Nanozeolites have also shown their potential uses 
in many emerging applications such as sensors, antimicrobials, cosmetics and foods.51, 95  
The synthesis of nanozeolites with comparable crystallinity to their micron-sized 
counterparts is challenging, as the process of zeolite nucleation and growth in the 
hydrogel system is highly unpredictable and thus hard to control.51  For example, the 
clear solution method has been successful in producing high-quality zeolite nanocrystals 
of EMT-,63 FAU-96 and MFI-types,97 and yet tedious pretreatment63, 96-98 and low 
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production yield may limit its practical uses.  The difficulties in controlling the crystal 
size in conventional synthesis have led to other approaches that can allow for control of 
nucleation and crystal growth.  The space confinement method has been demonstrated as 
an effective method to synthesize zeolite nanoparticles.  Many types of zeolites including 
MFI, FAU, BEA and LTL have been successfully synthesized in the form of nanozeolite 
using either templates such as porous carbon particles,99 starch,100 and polymer 
hydrogels101 or capping agents.102  However, this approach is usually time-consuming 
and costly, which is not viable for commercial implementations.  Microwave heating is 
also an effective way to synthesize nanozeolites,103 but scale-up is difficult to achieve.104  
Therefore, facile synthetic routes for the production of nanozeolites in high yield are still 
desirable.   
In Chapter 3, a new synthetic route for the production of nanozeolites from high-
concentration aluminosilicate gel was discussed.95, 105   This so-called “geopolymer gel” 
is produced through a geopolymerization process in which a high volume of amorphous 
aluminosilicate solid particles are dissolved in an alkaline solution.6 While 
geopolymerization has been studied in the area of ceramics and cements,6 the studies 
have demonstrated that the innate gel structure of the products106 and their close 
relationship with zeolite system36-37 can be taken advantage of in producing nanozeolites 
in a convenient and straightforward manner.  For example, highly crystalline cancrinite 
(CAN) nanorods (diameter < 40 nm) could be obtained from geopolymer gels by simply 
heating a geopolymer gel at 120 °C.105  By extending the previous work, this chapter 
reports the exploration of a quaternary kinetic phase diagram of Na–Al–Si–H2O 
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geopolymer system for the synthesis of nanozeolites and how the compositional 
parameters influence the structure and morphology of the products.   
4.2 Experimental  
4.2.1 Materials Synthesis  
Precursor mixtures are a heterogeneous mixture whose overall composition can be 
expressed as molar ratios of components with respect to Al, uNa:Al:vSi:wH2O and the 
mole faction of H2O, x (x =w/(u+1+v+w)) will be further utilized, as a synthetic 
parameter.  The precursor mixture compositions explored in the experiments are listed in 
Table B1 – B4 (Appendix B).  All the experiments were conducted under mild 
hydrothermal conditions at 90 °C.  In a typical synthesis, a precursor mixture was 
prepared by firstly dissolving NaOH pellets (Sigma Aldrich) and water glass (Sigma 
Aldrich; SiO2 27 wt%, NaOH 14 wt%, H2O 59 wt%) in deionized (DI) water, and then 
metakaolin (MetaMax® from BASF) was added into the solution.  After stirring with a 
mechanical mixer (IKA RW 60 digital mixer) at 800 rpm for 40 min, a visually 
homogeneous and free-flowing mixture solution was obtained.  The mixture solution was 
then poured into 50 ml-polypropylene centrifuge tubes as the reaction vessel and the 
tubes were tightly closed and placed in a laboratory oven at 90 °C for a given time period.  
After heating, the products were taken out from the tubes and washed through repetitive 
centrifugation and dilution until the pH of the supernatant reached about 8.  The final 
product was collected after final centrifugation and then dried in a laboratory oven at 
90 °C overnight and stored in sealed glass vials at room temperature for further analysis. 
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4.2.2 Materials Characterizations 
Zeolite crystal structures were identified by powder X-ray diffraction (PXRD) 
analysis using either a Bruker D8 or Siemens D5000 X-ray diffractometer (Ni-filtered Cu 
Kα radiation with a wavelength of 1.5406 Å, operated at 40 kV and 40 mA, VANTEC- 
position-sensitive detector).  The PXRD patterns were collected at a scan speed of 
2.0 °/min and a 2θ step size of 0.02°.  Transmission electron microscopy (TEM) was 
carried out using a Titan 80-300 FEG-TEM (FEI Co.) operated at 300 kV.  The 
microscope was equipped with an ultra-bright X-FEG electron gun, and two biprisms 
located in the first and second selected area aperture planes, separated by an “extra lens”.  
Gas sorption analysis was carried out with a Micrometrics ASAP 2020 volumetric 
adsorption analyzer with nitrogen as the adsorbate at 77 K.  Prior to the analysis, samples 
(about 300 mg) were degassed at 300 °C for 10 h under vacuum until a residual pressure 
of ≤10 µmHg was reached.  Specific surface areas were determined by using Brunauer-
Emmett-Teller (BET) model.  The t-plot method was used to distinguish the micropores 
from the mesopores in the samples and to calculate the external surface areas.  The 
mesopore volumes were calculated after subtracting the micropore volume from the total 
pore volume.  Mesopore size distributions were obtained using the Barrett-Joyner-
Halenda (BJH) method assuming a cylindrical pore model.70  
4.3 Results and Discussion 
Figure 39 shows the explored precursor mixture compositions and the structures 
of the sodium aluminosilicate products found in the geopolymeric Na–Al–Si–H2O 
quaternary system.  The four-component phase space can be represented as a tetrahedron 
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(Figure 39a) with each corner representing the mole fraction x of 1 for each component 
of Na, Al, Si and H2O.  The explored precursor mixture compositions can be grouped into 
three different mole fractions of water, x = 0.70, 0.75 and 0.80, and they are shown in the 
ternary phase diagrams as triangular cross sections of the tetrahedron at the fixed water 
mole fractions, as presented in Figures 39b, 39c and 39d, respectively.  This presentation 
is different from the way typical zeolite phase diagrams are drawn with molar 
concentrations as the compositional parameters.49, 107 In this study the molar 
concentrations do not have a significant meaning, as the synthesis takes place with a very 
high aluminosilicate content and the precursor mixtures remain heterogeneous throughout 
the reaction.  The lowest water mole fraction (x = 0.70) in this synthesis is slightly higher 
than the one for typical geopolymer synthesis for ceramics or cement.  The maximum 
water mole fraction (0.80) was chosen based on the preliminary experiments, in such a 
way that for all the compositions, the precursor mixture remains uniform by visual 
inspection without settlement of the solid precursor component (metakaolin).  A mild 
reaction temperature, 90 °C, was chosen as it captures the largest number of zeolite 
phases with a significant zeolitic crystallinity, within reasonable reaction periods (6 – 24 
h).  A short reaction time (6 h) was chosen for all the reactions, as this exploration was 
motivated by the synthesis of nanocrystalline products with cost-effective scalability in 
mind.  However, a time evolution study was carried out for two particular precursor 
mixture compositions up to 24 or 48 h in order to examine phase change and particle 
growth behavior.  
 90 
 
Figure 39.  (a) The tetrahedron quaternary phase space that covers all the possible 
compositions of Na–Al–Si–H2O system.  Kinetic ternary phase diagrams of products 
were obtained after reactions at 90 °C for 6 h with precursor mixtures having different 
water mole fractions of x = (b) 0.70, (c) 0.75 and (d) 0.80.  Color: amorphous (gray), 
FAU (red), LTA (blue), SOD (green) and CAN (pink). 
At x(H2O) = 0.70 (Figure 39b), four different zeolite structures, FAU, LTA, SOD 
and CAN, were found.  With a Si/Al ratio of 1 in the precursor mixture, only pure SOD 
phase was found in all four products.  This is consistent with a previous report that pure 
SOD phases were formed from similar precursor mixture compositions (Na:Al:Si = (1.5 – 
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2):1:1; x = 0.71 – 0.74) after heating at 100 °C for 90 min, using alumina (poorly 
crystalline after by calcination of amorphous hydrated Al(OH)3 (Sigma Aldrich) at 700 
°C for 4 hrs), fumed silica (Cabot) and sodium hydroxide as precursors.108  With Si/Al = 
1.5, however, a mixture of SOD and CAN was found for the precursor mixture with 
Na/Al between 2.5 and 3.5, along with an amorphous phase with Na/Al = 2.  An 
amorphous phase was also observed for the compositions 2.0Na:Al:2.0Si:11.8H2O (x = 
0.70) and 3.0Na:Al:3.0Si:16.3H2O (x = 0.70).  Although the reason is not clear, the 
precursor mixture compositions giving an amorphous phase tend to have a relatively 
lower molal concentration of NaOH compared to those that give rise to zeolitic phases in 
this study (Appendix B, Table B1).  The amorphous samples exhibited the unique 
geopolymer broad hump centered at 2θ ~ 28° in their PXRD patterns (Appendix B, 
Figure B1).6  For the precursor mixture compositions with Si/Al of 2, a mixture of FAU, 
LTA and SOD formed when Na/Al was 3, while a pure CAN phase appeared when Na/Al 
increased to 4.  FAU formed as a pure phase only with Si/Al = 3 and Na/Al = 4, which 
implies a narrow phase region for the structure.   
The phase region of FAU was larger when the water content was higher with x = 
0.75 (Figure 39c).  The FAU phase occurs in the region centered around Si/Al = 2.5 and 
Na/Al = 3.  With Si/Al = 1 in the precursor mixture composition, pure SOD phase was 
observed when Na/Al is large (4).  However, LTA appeared together with SOD at a 
lower Na/Al ratio of 2, although SOD was still dominant based on the PXRD pattern 
(Appendix B, Figure B2).  With a slightly higher Si/Al ratio of 1.5, SOD still appears, 
but coexists with FAU, LTA and/or CAN, depending on the Na/Al ratio.  With a larger 
 92 
Na/Al, CAN becomes stabilized, which is consistent with the trend observed in the 
ternary phase diagram of x(H2O) = 0.70 (Figure 39b).  Meanwhile, amorphous products 
were obtained in the region to the right of the FAU region in Figure 39c, where the 
NaOH concentration is relatively low (Appendix B, Table B2).  This trend is also 
observed for other ternary diagram with x = 0.80 (Appendix B, Table B3, Figure 39d) 
as well as the ones with x = 0.73 and 0.85 which were not explored as fully as the others 
(Appendix B, Table B4, Figure B3).  With x = 0.80, FAU and amorphous phase form 
more or less in the same regions as in the phase diagram with x = 0.75 (Figure 39c), 
although the FAU phase region appears to expand slightly upon the increase in water 
amount.  However, the high-alkali region is dominated by SOD with disappearance of 
CAN.  In the region of low Si/Al and Na/Al ratios, mixtures of SOD and LTA appeared. 
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Figure 40. TEM images of the products after a reaction at 90 °C for 6 h from the 
precursor mixture compositions of (a) 2.5Na:Al:2.0Si:16.5H2O (x=0.75); (b) 
4.0Na:Al:2.0Si:16.3H2O (x=0.70); (c) 4.0Na:Al:1.0Si:14.0H2O (x=0.70); (d) 
2.0Na:Al:1.0Si:16.0H2O (x=0.80).  The corresponding PXRD patterns in Figure B4 
(Appendix B) confirm the presence of FAU, CAN, SOD and LTA for (a), (b), (c) and 
(d), respectively. 
Figure 40 shows the TEM images of representative FAU, CAN and SOD in pure 
phase, as well as a mixture phase of LTA and SOD.  Their corresponding PXRD patterns 
are shown in Figure B4 (Appendix B).  In Figure 40a, the FAU zeolite exists as 
submicron-sized aggregates that are made up of plate-like primary nanocrystallites with 
the lateral dimension mostly in the range of 10 – 30 nm except for some large platelets 
(100 – 200 nm in lateral diameter).  The FAU zeolite showed a high external surface area 
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up to 140 m2/g and a high crystallinity and the corresponding 48 h FAU product showed 
high crystallinity (86% based on the measured micropore volume of 0.30 cm3/g) and a 
large mesopore volume (0.23 cm3/g) that are comparable to previously reported 
hierarchical FAU-type zeolites prepared using mesoporogens.64, 109 The detailed studies 
on the nanostructures, together with extensive time-resolved studies for understanding the 
formation mechanism will be discussed separately in Chapter 5.  In Figure 40b, the 
CAN zeolites are in the form of loosely aggregated nanocrystallites, some of which are 
anisotropic and rod-shaped.  The sizes of the nanocrystallites are approximately 10 nm in 
diameter and can be up to 100 nm in length for some (the inset of Figure 40b).  Based on 
the BET analysis on the N2 gas desorption isotherm (Appendix B, Figure B5), the 
product showed a high surface area (168 m2/g) and a large pore volume (0.84 cm3/g) 
which is mostly from the textural mesopores among the nanocrystallites.  Micropore 
volume was negligible (0.008 cm3/g), as the micropores in the CAN structure are not 
accessible by N2 gas molecules.20, 67  The previous work (Chapter 3) showed that the 
CAN zeolite can be obtained as discrete nanorods with a high crystallinity upon longer 
heating (7 days) at a higher temperature (120 °C).105  
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Figure 41. Powder X-ray diffraction patterns of the products obtained from the precursor 
mixture composition of (a) 2.5Na:Al:2.0Si:22.0H2O (x=0.80) heated at 90 °C for 6, 24 and 
48 h; (b) 2.5Na:Al:1.5Si:20.0H2O (x=0.80) heated at 90 °C for 3 h, 6 h and 24 h.  
In Figure 40c, SOD zeolites also appear as submicron-sized aggregates of 
nanosized primary nanocrystallites.  The average diameter of the nanocrystallites is 
estimated to be 20 nm by applying the Scherrer equation to the PXRD pattern.  Despite 
the severe aggregation and fusion observed in the TEM, the nitrogen gas sorption 
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analysis revealed that the aggregates are mesoporous with a narrow pore size distribution 
of around 7 nm (Appendix B, Figure B6), and the specific surface area is about 80 m2/g.  
Interestingly, LTA crystallites were much larger in size (600 – 800 nm) in comparison to 
the other zeolite phases (Figure 40d).  They did not appear as a pure phase but always 
mixed with the nanostructured SOD aggregates.  However, it is probable that 
nanostructured LTA zeolites may be produced as a pure phase in the low water content 
region through further systematic exploration.  
After establishing the kinetic phase diagrams under upon heating at 90 °C for 6 h, 
phase formation/stability was further investigated by employing different reaction periods 
for two precursor mixture compositions.  The first composition of choice was 
2.5Na:Al:2.0Si:22.0H2O (x=0.80) which led to an amorphous product at 90 °C after 6 h.  
However, the composition is in a close proximity of the FAU phase region (Figure 39d) 
and it was suspected that a prolonged reaction might eventually crystallize the product 
into FAU.  As expected, the amorphous phase turned into FAU after heating for 24 h and 
stayed with the crystal structure even after heating for 48 h (Figure 41a).  
The second composition of choice was 2.5Na:Al:1.5Si:20.0H2O (x=0.80) which 
gave a mixture of FAU and LTA after heating at 90 °C for 6 h (Figure 39d).  The PXRD 
patterns of the products after 3, 6 and 24 h are shown in Figure 41b.  It was observed that 
the FAU and LTA phases formed as early as 3 h.  Both structures remain after 24 h of 
heating.  However, the SOD phase started to appear after prolonged heating based on the 
weak SOD peaks observed for the 24 h product.  This is consistent with previous reports 
that LTA zeolite tends to transform to a more thermodynamically stable SOD after a long 
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reaction time.107-108  Under synthetic conditions close to this study, LTA transformed 
fully into SOD within 90 min at 100 °C.108  These imply that all the LTA/SOD mixture 
products in this synthesis could be in an intermediate state and a prolonged heating would 
result in pure SOD as the final product. 
4.4 Concluding Remarks  
The geopolymeric Na–Al–Si–H2O quaternary phase diagram for the synthesis of 
low-silica nanozeolites with different zeolitic structures has been explored.  Various 
zeolite frameworks including FAU, CAN, LTA and SOD could be obtained in the form 
of either nanosized or submicron-sized zeolites from this exploratory synthesis.  While 
the phase region for each nanostructured zeolite was narrow in the diagram, it was found 
that the regions for generating nanostructured zeolites with low-density frameworks 
(FAU and CAN) were expanded with an increasing water content.  The FAU and SOD 
zeolite products exist as textually mesoporous materials made up of the primary 
nanocrystallite particles, while CAN zeolites exhibit loosely aggregated nanorods with a 
high surface area and a high pore volume.  However, LTA zeolites formed as submicron-
sized zeolites in this exploration.  The findings demonstrate the great potential of 
geopolymer chemistry for the production of important aluminosilicate nanomaterials. 
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CHAPTER 5 
5 FORMATION OF NANOSTRUCTURED ZEOLITE X FROM HOMOGENEOUS 
GEL PRECURSORS THROUGH GEOPOLYMER CHEMISTRY 
5.1 Introduction 
Nanocrystalline zeolites are of great interest due to their enhanced efficiency in 
traditional catalysis and separation applications,50, 96, 110 as well as their emerging 
applications.51, 95, 111  Recent advances in synthetic methods, using clear solutions, 
hydrogels or dry gels, have not only extended the availability of the materials but also 
expanded understanding of zeolite formation.51, 63, 96, 112-113 One of the great challenges in 
understanding zeolite formation has been that the precursors for the synthesis are 
heterogeneous in both composition and physical state, and that highly complex reactions 
occur simultaneously in liquid and solid components in a heterogeneous reaction mixture.  
For this reason, most of the mechanistic studies on nanocrystalline zeolite formation, as 
well as their production, have utilized clear solution methods which allow a well-
controlled homogeneity among the colloidal particles in dilute dispersions.51, 63, 96  
Meanwhile, hydrogel methods and dry gel conversion methods have a significant 
advantage in industrial production due to the high production yield, and yet the zeolite 
formation in those methods is more difficult to understand.32, 103  Although the nucleation 
and growth mechanism remains unclear at the molecular level, a common feature of those 
approaches is that the chemical homogeneity throughout the gel precursors allows for 
abundant or uniform nucleation and thus smaller crystallites.103  
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In alternative, scalable synthetic approaches, the production of high-quality 
nanocrystalline zeolites from distinctively heterogeneous precursors including minerals 
such as clays and boehmite have been reported.105, 114-115  The formation of 
nanocrystalline zeolites in such systems is quite remarkable, because the current 
understanding of zeolite formation does not explain how such macroscopically 
heterogeneous systems can result in nanocrystalline zeolites for which homogeneity of 
the precursor solution on the nanoscale is considered a critical requirement for formation.  
Herein, by using thermally-activated kaolinite (“metakaolinite”) as the heterogeneous 
precursor, ex situ microscopic studies that elucidate the unique mechanism of 
nanocrystalline zeolite formation in such heterogeneous systems is presented.   
The utilization of minerals or their activated derivatives is well known to allow 
for the industrial production of conventional micron-sized zeolites.  Although the detailed 
mechanisms have been rarely studied, zeolite formation appears to take place through 
multiple pathways, due to the heterogeneous nature of the reaction system.32  A recent 
study conjectured that minerals with highly-interdispersed alkali (e.g., feldspars such as 
microcline) may lead to more rapid crystallization due to their homogeneity in 
composition.116  Although it did not indicate how this could be achieved experimentally, 
the work clearly corroborates the importance of homogeneity of the initial hydrogel for 
the synthesis of nanocrystalline zeolites.103, 113  In this regard, the results described below 
demonstrate that in water-deprived, high-alkali media, minerals such as metakaolinite can 
be transformed to a highly homogenous sodium aluminosilicate hydrogel of a zeolitic 
composition and that subsequent rapid crystallization gives nanocrystalline zeolites.  
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Furthermore, it was unexpectedly discovered that the homogeneous gel is formed through 
an unprecedented pathway in which ultrasmall prenucleation clusters first appear and 
form a highly open gel structure, before they coalesce to the typical hydrogel. 
5.2 Experimental  
5.2.1 Materials Synthesis 
Two precursor systems were studied in this work, they had different water content 
while the ratios of metal elements were the same.  The molar compositions of two 
systems were 2.5Na:Al:2.0Si:16.5H2O ([NaOH] = 9.1 m), and 2.5Na:Al:2.0Si:27H2O 
([NaOH] = 5.3 m), respectively.  In a typical synthesis, the aluminosilicate mixture was 
prepared by firstly dissolving NaOH pellets (Sigma Aldrich) and water glass (Sigma 
Aldrich; SiO2 27 wt%, NaOH 14 wt%, H2O 59 wt%) in deionized (DI) water, and then 
metakaolin (MetaMax® from BASF, SiO2: 53.0%, Al2O3: 43.8%, Na2O: 0.23%, K2O: 
0.19%, TiO2: 1.7%, and Fe2O3: 0.43%) was added into solution.  After stirring with a 
mechanical mixer (IKA RW 60 digital mixer) at 800 rpm for 40 min, a visually 
homogeneous and free-flowing solution was obtained.  The solution was then poured into 
50 ml-polypropylene tubes and the tubes were tightly closed, and placed in a laboratory 
oven at 90 °C for different reaction periods.  After the heating, the products were taken 
out from the tubes, quenched right away by cold deionized water (D.I. H2O) and washed 
with D.I. H2O multiples times until the pH of the supernatant was around 8.  The final 
product was collected after centrifugation, and then dried in a laboratory oven at 90 °C 
overnight and stored in sealed glass vials at room temperature for further analysis.  For 
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the (scanning) transmission electron microscopic studies, the washed wet sample was 
dispersed in D.I. water and dropped onto a TEM grid (Cu or Mo grid). 
5.2.2 Materials Characterizations 
Powder X-ray diffraction (PXRD) patterns of the dried samples were collected on 
either a Bruker D8 or Siemens D5000 powder X-ray diffractometer (Ni-filtered Cu Kα 
radiation with a wavelength of 1.5406 Å, operated at 40 kV and 40 mA, VANTEC- 
position-sensitive detector) at a scan speed of 2.0 degrees/min and a step size of 0.02° 2θ.  
The pattern for Scherer size estimation was collected on Bruker D8 at a scan speed of 
0.5°/min and a step size of 0.0136°. The pattern in a range of 5 – 22° 2θ was fitted with 
Gaussian peaks in MDI Jade 9.0, with the residual error of fitting 1.54%.  Scherrer’s 
equation was applied to [111], [022] and [044] diffraction peaks (2θ = ~6.2, ~10.1 and 
~20.2°, respectively), calculation was based on their FWHMs with the degree of line 
broadening of 0.1° from the instrument.  
Solid-state NMR experiments were performed on a Varian VNMRS 400MHz 
(9.4T) wide-bore instrument.  Direct 29Si experiments were collected on a Varian 3.2mm 
MAS probe and indirectly referenced to the 29Si signal of TTSS.  Experiments were 
performed at 10KHz MAS speed with a 100KHz spectral width, 576 scans, and 120 s 
recycle delay. All 27Al experiments were performed on a Varian 1.6mm fast-MAS probe 
and indirectly referenced to 1 M AlCl3.  27Al experiments were collected at spinning 
speeds of 35KHz with a 100KHz spectral width, 0.5 s recycle delay, and 2048 scans.  
Brunauer-Emmett-Teller (BET) surface areas were estimated with a Micrometrics 
ASAP 2020 volumetric adsorption analyzer with nitrogen as the adsorbate at 77 K.  Prior 
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to the analysis, samples (about 300 mg) were degassed at 300 °C for at least 10 h under 
vacuum until a residual pressure of ≤10 µmHg was reached.  The specific surface area 
(SSABET) was calculated according to the BET equation, using nitrogen adsorption 
isotherms in the relative pressure range from 0.01 to 0.2.117  Specific surface area of 
micropores (SSAmicro) and the micropore volume (Vmicro) are calculated by applying t-plot 
method in the thickness range of 0.35 nm to 0.50 nm and, Harkins and Jura thickness 
equation.  External surface area (SSAext) is estimated as the difference between specific 
surface areas obtained from the BET equation and t-plot method.  For the calculation of 
mesopore size distribution, desorption branch was considered and the total pore volume 
(Vtotal) was obtained from the amount of nitrogen adsorbed at a relative pressure (p/po) of 
0.99, assuming complete pore saturation.  Mesopore size distributions were obtained 
using the Barrett-Joyner-Halenda (BJH) method assuming a cylindrical pore model.70   
Scanning electron microscopy (SEM) images of powder samples were collected 
using an XL30 environmental FEG (FEI) microscope operating at 10 or 15 kV 
acceleration voltage.  For SEM, finely ground dried sample powders were sprinkled onto 
the SEM stub affixed with carbon conducting tape and the samples were then coated with 
Au/Pt for ~ 6 nm before imaging.  The coupled energy dispersive X-ray spectroscopy 
(EDS) analysis was performed at 20 kV and ~ 11 mm working distance. Transmission 
electron microscopy imaging (TEM) and selective area electron diffraction were carried 
out using a Titan 80-300 FEG-TEM (FEI Co.) operated at 300 kV. The microscope was 
equipped with an ultra-bright X-FEG electron gun, and two biprisms located in the first 
and second selected area aperture planes, separated by an “extra lens”.  Both cameras 
 103 
were mounted on the TEM with the K2 located downstream of the UltraScan.  The 
images were recorded either by K2 or UltraScan camera.  The microscope was operated 
in the “counted mode” under the submit mode, to count single electron events when the 
K2 camera was used.  Scanning transmission electron microscopic (STEM) imaging and 
energy dispersive spectroscopic (EDS) mapping were performed by using a JOEL ARM 
200F instrument with an aberration corrector.  Quantitative analysis on different locations 
of 0.5 h sample were performed on the elemental maps with the size of 20 ´ 20 nm (this 
size was chosen to have good signal to noise ratio).  In the STEM-EDS mapping 
experiment, it was observed that the Na+ ion diffused away from gel particles onto the 
carbon film, which is a known phenomenon to aluminosilicate hydrogels or zeolites 
induced by the focused electron beam.90, 118  In order to obtain a more accurate 
information of Na distribution, fast scanning (60 s) was performed on JEOL JEM 2100F 
with a sensitive EDS detector (Oxford Instruments, X-MaxN 100TLE). 
5.3 Results and Discussion 
The previous study (Chapter 4) indicated that the composition 
2.5Na:Al:2.0Si:16.5H2O ([NaOH] = 9.1 m) affords nanocrystalline zeolite X after heating 
at 90 °C for 6 hours.114  Before the stepwise investigation of the zeolite formation 
mechanism, the reproducibility of the results was confirmed for this study, and longer 
heating for 48 hours gives nanocrystalline zeolite X with high crystallinity without 
growth of particle size (see below).  In essence, as shown in Figure C1 (Appendix C), 
the product exists as submicron-sized aggregate particles with the size between 200 – 500 
nm, and each individual particle is composed of nanosized platelet-like crystallites as 
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primary particles with lateral dimensions from 20 – 40 nm.  The micropore volume is up 
to 0.30 cm3/g, comparable to the conventional zeolite X with same Si/Al ratio (0.34 
cm3/g). The product also exhibits a high external surface area (124 m2/g) and mesopore 
volume (0.23 cm3/g) (Appendix C, Figure C2) which are comparable to hierarchical 
FAU/EMT-type zeolites prepared by using mesoporogens.64, 96, 109, 113, 119-131 
 
Figure 42. (a – d) TEM micrographs of the products obtained at 90 °C after the reaction 
for 0.5 h (a), 3 h (b), 4 h (c) and 6 h (d). (e) Powder X-ray diffraction patterns and (f) 
nitrogen sorption isotherms of the products obtained at 90 °C after various reaction 
periods with a precursor composition of 2.5Na:Al:2.0Si:16.5H2O. 
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To understand the formation of nanocrystalline zeolite X, the morphological and 
structural evolution were studied by quenching the reaction after various heating periods 
(0.5, 1, 3, 4, 4.5, 6, 24, and 48 h) starting from 0.5 h at which the precursor mixture 
becomes non-fluidic, indicating formation of a gel.  The PXRD and microscopic studies 
indicate that the metakaolin dissolved completely within 30 min in the alkaline solution 
to form an amorphous gel.  That is, the PXRD pattern in Figure 42e shows a broad hump 
between 27 – 29°, a characteristic feature of polymeric aluminosilicate gel materials with 
Si and Al atoms in tetrahedral sites.6  The gel structure contains primary particles with 
sizes of about 50 nm that are strongly fused together (Figure 42a; Appendix C, Figure 
C3a).  The HAADF-STEM studies indicate homogeneous distributions of Na, Al and Si 
atoms in gel particles (Appendix C, Figure C6) and this is consistent with the solid state 
27Al and 29Si MAS NMR spectra showing that all the Al and Si atoms are in tetrahedral 
coordination environment (Appendix C, Figure C5).  These results indicate a rapid and 
complete dissolution of metakaolin and re-polymerization occurs within 30 min in this 
water-deprived, high-alkali environment.   
The gel particles then became bigger and denser, with the primary size around 
100 nm after 3 hours (Figure 42b; Appendix C, Figure C3b), consistent with the 
observation that the sample was increasingly hardened during the reaction from 1 to 3 h 
(Appendix C, Scheme C1).  While they are still amorphous based on PXRD study 
(Figure 42e), small crystallites embedded in the gel particles appear, as evidenced by the 
discrete spots in the FFT pattern (inset in Figure 42b), indicating that the nucleation 
happened at this stage or even earlier.  At 4 h, nanocrystalline zeolites in the form of 
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submicron-sized aggregates start to appear; meanwhile, gel-like particles are still 
observed (Figure 42c; Appendix C, C3c).  But 0.5 h later at 4.5 h, big gel-like particles 
are not seen any longer, but instead aggregates of nanocrystalline zeolite are dominant 
(Appendix C, Figure C4).  At 6 h, the nanocrystalline zeolite exhibits much-improved 
crystallinity, evidenced by the sharp crystal facets and the brighter spots in FFT pattern 
(Figure 42d).  
The evolution of textural mesopores and zeolitic micropores by nitrogen gas 
sorption analysis was further studied.  Figure 42f shows the sorption isotherms for the 
products obtained at various reaction times.  For the 0.5 h product, the isotherm does not 
show significant uptake at low relative pressure (< 0.01), which indicates of lack of 
microporosity (Vmicro: 0.00 cm3/g), but exhibits an adsorption-desorption hysteresis loop 
at high relative pressure, indicating the presence of meso- and macroporosity (Vmeso: 0.25 
cm3/g).  The product at 3 h does not show obvious improvement in microporosity (Vmicro: 
0.01 cm3/g), but rather a decrease of the mesoporosity (Vmeso: 0.13 cm3/g).  This indicates 
a densification of gel particles in this period, which is consistent with the observation 
from SEM and TEM that the gel particles become bigger and denser within the same 
period.  After 4 h, the product starts to show a significant microporosity (Vmicro: 0.08 
cm3/g), but the mesopore volume remains unchanged (0.13 cm3/g).  However, 0.5 h later, 
a sudden increase of mesopore volume to 0.26 cm3/g is observed, which indicates the 
consumption of dense gel to form a product with more open structure, that is the 
nanocrystalline zeolites as observed in above studies.  Further heating merely improves 
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the microporosity, without the sacrifice of mesopore volume and external surface area, 
which suggests no further growth of nanocrystallites.  
In the system from this study, quite different results were obtained when the water 
amount was increased.  For the comparative mechanistic studies, 2.5Na:Al:2Si:27H2O 
([NaOH] = 5.3 m) was chosen, which has the same ratios of metal elements as the 
composition studied above but with a larger amount of water.  This water content was the 
highest among the precursor mixture solutions that maintained their homogeneity to the 
naked eye without settlement of the metakaolin particles.  The PXRD patterns in Figure 
43a show that the metakaolin dissolves slowly and the FAU phase appears only in the 12 
h, 24 h and 48 h samples.  The PXRD pattern of the 48 h sample show sharp Bragg 
peaks, indicating complete formation of FAU.  Unlike in the product obtained from 
water-deprived, high-alkali conditions, the SEM and TEM images of the 0.5 h, 12 h and 
24 h samples (Figure 44) show only large particles.  The FAU zeolite in this 24 h sample 
was in the form of faceted, micron-sized particles (Figure 44c) and yet most of the 
particles were still amorphous (Figures 44c and 44f), indicating that the zeolite 
crystallization is quite slow and heterogeneous when the water content is relatively high. 
The critical influence of the water content on zeolite formation can be 
demonstrated further in the time evolution of the chemical compositions of the solid 
phases during the reaction.  Figure 43b compares the evolution of Na/Al and Si/Al 
atomic ratios in the solid phases from the two reaction conditions.  For the samples 
obtained from water-deprived, high-alkali conditions, the Na/Al and Si/Al ratios at 0.5 h 
are 0.86(3) and 1.52(2), respectively, and no significant changes were observed 
 108 
afterwards.  These values are close to those (0.88(3) and 1.35(1)) of the final 
nanocrystalline zeolite product, which indicates that the gel precursors attain a chemical 
composition close to the zeolite product as early as within 30 min.  It is noted that the 0.5 
h gel products exhibit an unprecedentedly uniform distribution of Si/Al ratio (Appendix 
C, Figure C7), while the Si/Al ratio for conventional hydrogel precursors is highly 
heterogeneous that could range from about 4.5 to infinity.134-135 This rapid 
homogenization of the chemical composition of the solid phase is not realized when the 
water content is relatively high.  As seen in Figure 43b, the Na/Al and Si/Al ratios are 
very low at 0.28(7) and 1.25(5), respectively, after 30 min of reaction.  The values 
gradually increase and reach 0.87(5) and 1.54(6) for the amorphous phase and 0.80(3) 
and 1.51(1) for the crystalline phase (Figure 43b) at 24 h.  This indicates a slow 
incorporation of Na+ ions either through their progressive penetration in the 
aluminosilicate matrix132 or through dissolution and re-precipitation133 of aluminosilicate 
at the surface of metakaolin, which inevitably leads to the inhomogeneous distribution of 
the ions within each of the large amorphous particles.  The observed slow incorporation 
of Na+ ions is consistent with the literature formation of microcrystalline zeolite under 
conventional synthetic conditions.  For example, the solid phase of the gel prepared from 
the mixture of sodium aluminate and sodium silicates showed a very low Na 
concentration and later increased to reach a homogeneity only after long heating to 10 
hours at 90 °C.132  In a more recent report, the gel precursors prepared with colloidal or 
fumed silica formed warm-like particles (WLPs) within in which Na+ ions are only 
distributed on the shell.116, 134-135 
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Figure 43. (a) Powder X-ray diffraction patterns of the products obtained at 90 °C after 
various reaction periods with a precursor composition of 2.5Na:Al:2.0Si:27H2O. Peak (*) 
near 25° is due to anatase impurity in metakaolin. (b) The evolution of Si/Al (black) and 
Na/Al (red) ratios in the solid products from two precursor systems: 
2.5Na:Al:2.0Si:16.5H2O (solid circle) and 2.5Na:Al:2.0Si:16.5H2O (open circle). 
The results indicate that the degree of homogeneity/heterogeneity in precursor gel 
formation plays an important role in determining the crystallization pathway, leading to 
either nanocrystallites or microcrystallites.  Under the water-deprived, high-alkali 
conditions, the metakaolin aluminosilicate precursor rapidly dissolves and repolymerizes 
to form an amorphous sodium aluminosilicate gel with a composition is close to that of 
the final zeolite nanocrystallites.  Afterwards, massive nucleation takes place throughout 
the amorphous gel, hence turning the gel into aggregates of zeolitic nanoparticles.  The 
poorly crystalline nanoparticles then develop into nanocrystallites without significant 
growth.  The limited growth indicates that the nutrients in the solution phase have been 
depleted before this stage and also that there is no appreciable redissolution of 
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nanocrystallites into the solution phase.  This is consistent with the conjecture that the 
homogeneously distributed Na+ ions can stimulate a uniform nucleation due to their role 
as structure directing agents, which is an important premise for the formation of 
nanocrystallites.  It has been reported that a homogeneous distribution of K+ ions 
throughout amorphous gel precursors would significantly enhance the rate of zeolite L 
crystallization, leading to formation of nanocrystallites.116  In contrast, in the high water 
content conditions, the slow reaction of the metakaolin does not lead to the formation of a 
gel precursor with the chemical composition close to that of the final zeolite product, but 
instead the resulting large amorphous particles maintain the original size of the 
metakaolin precursor, initially with a low Na+ ion concentration.  As the large amorphous 
particles gradually acquire the zeolitic composition, they undergo slow and yet 
heterogeneous nucleation and growth/coalescence, leading to the zeolite microcrystallites 
(Appendix C, Figure C8).  
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Figure 44. SEM (a – c) and TEM (d – f) micrographs of the products obtained from the 
composition of 2.5Na:Al:2.0Si:27H2O after the reaction at 90 °C for 0.5 h (a, d), 12 h (b, 
e) and 24 h (c, f).  The 0.5 h product exists as amorphous large particles with a platelet-
like morphology and heterogeneous surface. The 12 h product remains as amorphous 
large particles , while the 24 h product comprises both faceted, micron-sized zeolite 
crystal (red dash circle in panel (c), Na/Al: 0.80 (3), Si/Al: 1.51(1)) and amorphous 
particles (Na/Al: 0.87(5), Si/Al: 1.54(6)) that are in the early stage of zeolite X 
crystallization. 
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Figure 45. TEM micrographs of products obtained from a precursor composition of 
2.5Na:Al:2.0Si:16.5H2O at early stages of reaction: (a) after homogenization for 40 min 
at room temperature prior to the hydrothermal reaction; (b) after a reaction for 15 min at 
90 °C; (c) Bright-field (BF) and (d) high-angle-angular-dark-field (HAADF) micrographs 
of the gel particles of 15 min product. 
Significant insights on the early formation of the homogeneous prenucleation gel 
could be obtained from the ex-situ microscopic studies on the reaction product quenched 
only after 15 min heating.  Before the heating, the metakaolin particles in the precursor 
mixture are mostly unreacted, judging from hexagon-shaped metakaolin platelets in the 
TEM image in Figure 45a.  After 15 min heating (Figure 45b), some of the metakaolin 
remained unreacted, and yet more importantly, a highly structured gel made up of 
ultrasmall primary particles (< 10 nm; Figures 45c and 45d) much smaller than those 
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found after 30 min of heating (~50 nm) were observed.  STEM-EDS maps confirm that 
the hexagonal plate-like particles present in the 15 min sample (Figure 46a) are 
unreacted metakaolin as it shows a homogeneous distribution of the Al and Si elements 
with the absence of Na (Figures 46c – e).  Meanwhile, the ultrasmall particles in the gel 
(Figure 46b) are confirmed to be amorphous sodium aluminosilicate, with homogenous 
distributions of Na, Al and Si (Figures 46f – h; Appendix C, Figure C9).  Noteworthy, 
as shown clearly in the dark-field STEM image (Figure 45d), the gel has a highly open, 
three-dimensional structure with long and dense necks between the ultrasmall primary 
particles, which indicates that the gel structure was formed during the reaction rather than 
by agglomeration of discrete particles during the quenching and purification process.  
The formation of such ultrasmall sodium aluminosilicate particles would involve 
the initial dissolution of metakaolin to release aluminate and silicate monomers into the 
high-concentration sodium silicate solution medium, where the aluminates immediately 
polymerize with silicates.  It is noted that this is the first time such ultrasmall 
aluminosilicate gel particles were observed in the hydrogel system.  Usually they can 
only be seen in the highly diluted (clear solution) system, where ultrasmall particles 
(called “prenucleation clusters”) are prepared at low temperatures by mixing freshly-
made monomeric silicate and aluminate species.  Formation of the ultrasmall particles is 
important as those discrete particles are then converted to colloidal zeolite particles 
without particle growth.96, 136  In contrast, under the water-deprived, high-alkali condition 
in this study, the formation of zeolite nanocrystallites undergoes a previously unknown 
pathway where the ultrasmall particles initially form a “pre-gel” with a highly open 
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structure.  The subsequent coalescence of the ultrasmall particles into bigger primary 
particles with high degree of homogeneity in chemical composition leads to the formation 
of relatively dense gel (“prenucleation gel”) that has a composition close to that of the 
zeolite product.  Massive nucleation takes place within the dense gel leading to the 
formation of aggregates of nanocrystallites.  This is very different from the conventional 
zeolite formation process in a hydrogel system, where the gel is formed in general with 
inhomogeneous chemical compositions and structures.32, 132, 135, 137  The subsequent 
heterogeneous nucleation and growth follow multiple pathways of different kinetics, at 
the solid-liquid interfaces, in the gel or in the solution.132, 137-139  This can be avoided 
when the gel is aged at ambient temperatures prior to crystallization, to improve the 
homogeneity of the hydrogel, hence allowing uniform nucleation and formation of 
nanocrystallites.113, 121, 126  Without the long aging period, such decoupling of the gel 
homogenization and nucleation has not been possible in the literature.  It is remarkable 
that the water-deprived, high-alkali conditions in this study allows for gel homogeneity in 
a short reaction period at a high temperature.  This is enabled by the rapid dissolution of 
metakaolin and immediate formation of amorphous gel with a uniform composition close 
to that of zeolites. 
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Figure 46.  HAADF-STEM micrographs of (a) the platelet particle and (b) gel particles 
obtained from a precursor composition of 2.5Na:Al:2.0Si:16.5H2O at 90 °C after 15 min 
reaction. (c – e) and (f – g) STEM-EDS elemental maps of the selected area (green 
square) in (a) and (b) respectively: Na (red), Al (green) and Si (navy).  Scale bar in (c – 
h) is 10 nm.  
5.4 Concluding Remarks  
In summary, our studies illustrate how high-quality nanocrystalline zeolites can 
be formed from a significantly heterogeneous precursor mixture under a water-deprived, 
high-alkali condition. The formation is through a previously unknown mechanism, in 
which the unique synthetic condition enables the rapid dissolution of the mineral particles 
and formation of a hydrogel with a uniform sodium aluminosilicate composition. This is 
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followed by fast nucleation throughout the hydrogel, leading to the highly zeolitic 
nanocrystallites. It is also observed that the formation of the homogeneous hydrogel is 
preceded by the emergence of ultrasmall gel particles which has not been observed in 
such a high concentration system. Our findings provide a new principle in the design of 
zeolite synthetic methods that can be more advantageous in the production of 
nanocrystalline zeolites in the industrial setting. 
  
 117 
CHAPTER 6 
6 SILVER-ION-EXCHANGED NANOSTRUCTURED ZEOLITE X WITH 
SUPERIOR ION RELEASE KINETICS AND ANTIBACTERIAL EFFICACY 
AGAINST METHICILLIN-RESISTANT STAPHYLOCOCCUS AUREUS 
6.1 Introduction 
Methicillin-resistant Staphylococcus aureus (MRSA) is an increasingly dangerous 
and antibiotic-resistant bacterial pathogen.1-2 Infections caused by healthcare-acquired 
MRSA often cause systemic infections, such as bacteremia, pneumonia, or surgical site 
infections, and are contracted while the patient is in a healthcare setting.3-4 In contrast, 
community-acquired MRSA (CA-MRSA) mainly causes skin and soft tissue infections, 
such as cellulitis or skin abscesses, and its prevalence is rising.5-7 As the antibiotic 
resistance crisis continues to worsen, identifying complementary therapeutic strategies 
for combatting CA-MRSA infections is crucial.8 
Inorganic antimicrobial materials offer several advantages over their conventional 
organic counterparts, including ease of preparation, higher chemical and thermal stability, 
safety, and cost-effectiveness.9-11 Silver (Ag) exhibits broad-spectrum antimicrobial 
activity at low concentrations with relatively low toxicity to humans, thus enabling its 
biomedical use.12-14 While the beneficial microbicidal effects of silver are well 
characterized, proposed mechanisms of action vary greatly and include generation of 
reactive oxygen species (ROS), cell membrane damage, inhibition of respiration, and 
inactivation of iron-sulfur clusters of bacterial dehydratases involved in amino acid 
biosynthesis.15-17 Relevant to aqueous solutions and biological conditions, silver occurs as 
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metallic Ag or ionic silver (Ag+).  The antimicrobial activity of silver is related to the 
dissolution and bioavailability of ionic silver.18 
In another example, Otto et al.19 have shown that some natural clays undergo ion 
exchange when placed in aqueous environments, and that the release of metal ions, 
including iron, copper, zinc, cobalt, and nickel, is responsible for the antibacterial 
properties of clays in vitro. Likewise, exchanging native metal ions in zeolites with 
antimicrobial ions such as Ag+, Cu2+, or Zn2+ represents a commonly used strategy for 
generating inorganic antimicrobial materials.20-24 Unlike natural clay, zeolites can be 
synthesized, allowing control over their purity, composition and crystallinity,25-26 and 
their interconnected micropore channels release large quantities of antimicrobial metal 
ions into the environment to kill bacteria.27-30 Kwakye-Awuah et al.9 investigated the 
antimicrobial action of silver ion exchanged zeolites, with a faujasite-type (FAU) 
structure and particle size ranges from 2 to 9 µm, and reported complete bactericidal 
activity against Escherichia coli, Pseudomonas aeruginosa, and S. aureus within 1 hour. 
A new procedure capable of loading zeolite A with high concentrations of silver loading 
was reported with the resulting silver-loaded zeolite A exhibiting antibacterial activity 
against E. coli and S. aureus.31 
Recently, nanostructured zeolites have attracted significant attention as an 
effective material in antimicrobial applications.27 The premise is that with significantly 
shorter diffusion lengths and higher external surface area, nanostructured zeolites would 
be more effective in ion release32 and thus would exhibit greater antimicrobial efficacy 
than conventional microsized zeolites. However, previous reports have indicated no 
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significant advantage of nanostructured zeolites or even worse performance in 
comparison to conventional microsized zeolites.  For example, Dong et al.10 reported 
comparable antibacterial activities of silver ion-exchanged and reduced silver 
nanostructured zeolites (EMT structure, 10 – 20 nm) against E. coli. In another study, 
FAU-type silver ion-exchanged nanostructured zeolites (50 – 400 nm) killed E. coli and 
Enterococcus faecalis about 1.3 – 2 times more slowly than FAU-type microsized zeolite 
(3 µm)33. It is well known that the structural disordering and formation of an amorphous 
surface layer on zeolite surfaces prohibits efficient diffusion of molecules and ions, 
which may be associated with poor performance.34 The surface resistance against 
molecular diffusion becomes dominant as the crystal size decreases, already reaching 
90% of the overall resistance when the particles are in the submicron range, far larger 
than nanocrystallites (< 100 nm).35   
Since previous studies failed to report the kinetics of Ag ion release from silver 
ion-exchanged nanostructured zeolites, it is not clear yet if the poor ion release kinetics 
could be a potential origin of inferior antibacterial performance.33  Furthermore, there 
have been no complete studies on concentration dependence of the antibacterial efficacy 
together with cytotoxity of these new materials despite the controversies associated with 
different silver materials and eukaryotic cell cytotoxicity.36-41 Herein, comprehensive 
studies were reported on material characteristics, silver ion release kinetics, and 
antibacterial performance of silver ion-exchanged nanostructured zeolites with a high 
crystallinity to establish them as an effective antibacterial material. Their inhibitory and 
bactericidal activities against MRSA were also quantified against planktonic and biofilm 
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cells and compared to those of microsized silver-ion exchanged zeolites. Cytotoxicity of 
high silver-loaded nanostructured zeolites was also assessed against macrophages, 
epithelial cells, and fibroblasts. 
6.2 Experimental  
6.2.1 Synthesis and Preparation of Materials  
Nanostructured zeolite samples (hereafter called “nZeo”) were synthesized by 
first preparing an aluminosilicate precursor mixture with the composition of 3.0Na:Al: 
2.0Si:16.2H2O (x = 0.75). The mixture was prepared by dissolving 4.555 g of NaOH 
pellets (Sigma Aldrich) and 11.711g of water glass (Sigma Aldrich) in deionized water 
(DI water) (8.190 g), followed by the addition of 5.735 g of metakaolin (MetaMax®, 
BASF). The mixture was stirred with a mechanical mixer (RW 60 digital mixer, IKA) at 
800 rpm for 40 min, producing a visually homogeneous and free-flowing dispersion. 
After addition of 15 mL of canola oil (J.M. Smucker Company, Crisco®), the mixture was 
stirred for another 10 min and then transferred to 50 mL polypropylene tubes. After 
tightly capping the tubes, the mixture was heated at 60°C for 54 h. The product, 
exhibiting a paste consistency, was washed with hot DI water multiples times. The final 
product was collected after vacuum filtration with cold DI water until the pH of the 
filtrates reached 8 approximately. The product (nZeo) was then dried in a lab oven at 
110 °C overnight and stored in sealed glass vials at room temperature for further use. 
Ion exchange was carried out by following a previously reported ion exchange 
conditions for high silver loading.31  Zeolites, nZeo, or reference microsized zeolite (13X, 
Sigma-Aldrich; hereafter called “mZeo”), (1 g) were suspended in 150 mL of UV-
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irradiated, nanopure water (dH2O), and the pH was adjusted to 5.5 by slowly adding 0.01 
M nitric acid. A silver nitrate solution (0.118 M) was prepared by dissolving 1 g of 
AgNO3 (99.9%, Sigma-Aldrich) into 50 mL dH2O, and the pH was adjusted to around 5.5 
by adding 0.01 M nitric acid.  The AgNO3 solution and the zeolite suspension were 
combined, and the mixture was stirred gently for 24 h. The particles were collected by 
centrifugation, washed with dH2O until the silver ion concentration of the supernatant 
became less than the detection limit of a silver ion-selective electrode (10-6 M; Mettler 
Toledo, Part No. DX308), and dried at 90 °C in a lab oven overnight. The preparation of 
all silver-containing materials was completed in a darkroom to avoid potential 
photoreduction of silver ions. 
6.2.2 Materials Characterization 
Powder X-ray diffraction (PXRD) patterns of the dried samples were collected on 
a Siemens D5000 powder X-ray diffractometer with Cu Kα radiation with a wavelength 
of 1.5406 Å at a scan speed of 2.0 degrees/min and a step size of 0.04 degrees. Scanning 
electron microscopy (SEM) images of powdered samples were collected using an XL30 
environmental FEG (FEI) microscope operating at 15 kV acceleration voltage. 
Transmission electron microscopy (TEM) was carried out using a Titan 80-300 FEG-
TEM (FEI Co.) operated at 300 kV. The microscope was equipped with an ultra-bright 
X-FEG electron gun, and two biprisms located in the first and second selected area 
aperture planes, separated by an “extra lens”.  Both cameras were mounted on the TEM 
with the K2 located downstream of the UltraScan.  The microscope was operated in the 
“counted mode” under the submit mode, to count single electron events. Brunauer-
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Emmett-Teller (BET) surface areas were estimated with a Micrometrics ASAP 2020 
volumetric adsorption analyzer with nitrogen as the adsorbate at 77 K.  Prior to the 
analysis, samples (300 mg) were degassed at 300°C for at least 12 h under vacuum until a 
residual pressure of ≤10 µm Hg was reached. Specific surface areas were determined 
from the BET equation. The t-plot method was used to distinguish the micropores from 
the mesopores in the samples and to calculate the external surface areas. The mesopore 
volumes were calculated after subtracting the micropore volume from the total pore 
volume. Mesopore size distributions were obtained using the Barrett-Joyner-Halenda 
(BJH) method assuming a cylindrical pore model.42 Elemental compositions of the zeolite 
samples were determined by combining Rutherford backscattering (RBS) and particle 
induced X-ray emission (PIXE) data. RBS profiles and PIXE spectra were obtained with 
a 2.0 MeV He++ particle beam produced by a tandem accelerator in a high vacuum area. 
RUMP simulation program was used to fit the RBS data and GUPIX was used to fit the 
He PIXE data. The hydrodynamic particle size of the nZeo sample was measured on 
Malvern Nano-ZS instrument with a helium neon (HeNe) laser with 4 mW output power 
at 632.8 nm wavelength, at the scattering angle of 173°. The refractive index of the 
material was chosen to be 1.47. After dispersing particles via ultrasonication for 10 min, 
samples were diluted and subjected to DLS measurements. 
6.2.3 Silver Ion Release Kinetic Study 
A continuous flow technique was employed to determine silver ion release from 
the Ag-zeolites at room temperature. The flow system (Appendix D, Figure D1a) 
consisted of a sample holder and a peristaltic pump (Masterflex® L/S Pump Model No. 
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07554-80 with Pump Head No. 07518-00, Cole-Parmer), maintained at a constant flow 
rate. A silver ion-selective electrode was used for a continuous measurement of silver ion 
concentration of the effluent. The sample holder (Appendix D, Figure D1b), consisting 
of a polypropylene sample chamber with a diameter of 6.35 mm, was fitted with two 
polytetrafluoroethylene (PTFE) filters (4 cm in diameter and 0.45 µm in pore size) on 
both ends. A sample (0.1 g) was loaded into the sample chamber and the chamber was 
subsequently plugged with silica wool on both ends. The front and back silica plugs were 
8 and 19 mm thick and weighed 23 and 53 mg, respectively. The influent and effluent 
were carried through 3.1 mm (internal diameter) PTFE tubing connected to the peristaltic 
pump. An unbuffered 0.90 wt% NaNO3 (0.16 M) solution in DI water was passed 
through the chamber at two different flow rates of 5.0 (fast) and 0.6 (slow) mL/min, and 
the silver ion concentration was measured continuously in the receiving beaker for up to 
25 min. The flow rates were constant within 3% throughout the experiment. The 
measurements were carried out multiple times to obtain triplicate data for each sample 
and for each flow rate. From the silver ion concentration values measured by the silver 
ion-selective electrode during each experiment, the accumulated amount of silver ion 
released at a given time (qt) was calculated by multiplying the volume of the effluent by 
the silver ion concentration at the time. The maximum monitoring time periods were 
limited by the volume of the receiving beaker and the minimum concentration that the 
silver ion-selective electrode can detect. 
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6.2.4 Bacterial Strains and Growth Conditions 
MRSA USA300 LAC (received from Dr. Juliane Bubeck Wardenburg, University 
of Chicago, Illinois) was grown in trypticase soy broth (TSB) or on trypticase soy agar 
(TSA). Cultures were grown overnight for 17 – 19 h at 37 °C with gentle rotary mixing, 
and subsequently diluted 1:40 into fresh medium for growth to mid-logarithmic phase at 
37 °C for 2.5 h.  
6.2.5 Agar Diffusion Assays 
Antibacterial activity of the Ag-nZeo and Ag-mZeo was determined by agar 
diffusion assays using 10 mg of Ag-nZeo or nZeo and the following antibiotics: 
doxycycline (30 µg), amoxicillin with clavulanic acid (20/10 µg), 
trimethoprim/sulfamethoxazole (25 µg), and oxacillin (1 µg) (Becton Dickinson, NJ). 
Wells (1 mm diameter) were generated in TSA plates by removing agar bores with the 
end of a sterile Pasteur pipette. Dry zeolite (10 mg) was subsequently funneled into each 
well by pouring through a sterile Pasteur pipette. The plates were incubated at 37 °C after 
MRSA inoculation onto the agar surface, addition of the zeolites to the wells, addition of 
5 µl of dH2O to respective wells, addition of 10 µl suspension of zeolite (10 mg) on the 
agar surface, and placement of control antibiotic disks. Zones of inhibition were 
measured after 20 – 24 h. Since the wells, surface suspensions, and antibiotic disks 
differed in diameter, four quadrant radius measurements were recorded and averaged for 
each zone of inhibition. To determine diameters of inhibition zones, radius measurements 
were doubled and disk width (6 mm) was added. All agar diffusion assays were 
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performed at least three times. Prior to use, all nZeo materials were sterilized by 180 °C 
heating for 2 h. 
6.2.6 Antibacterial Susceptibility Testing of Ag-nZeo in Suspension 
Exponential-phase MRSA cultures were prepared by diluting overnight cultures 
into fresh TSB and continuing growth at 37 °C with gentle rotary mixing until the 
cultures reached mid-logarithmic phase of growth (~ 2.5 h). Cells were then diluted to a 
concentration of 107 CFU/mL (OD600 = 0.08 – 0.1). Prior to use, the cells were collected 
by centrifugation and resuspended with sterile dH2O, followed by a second centrifugation 
and final resuspension in dH2O. Cells were adjusted to a concentration of approximately 
107 CFU/mL. Sterilized nZeo, Ag-nZeo, mZeo, or Ag-mZeo were added to 1 mL of the 
initial bacterial suspension. Positive controls of bacterial growth without nZeo were 
included in each experiment. Cell viability was determined by plating in duplicate on 
TSA plates either directly from the experimental samples or following appropriate 10-
fold dilutions at the specified times. 
6.2.7 Microdilution Antibacterial Susceptibility Testing 
Exponential phase MRSA cultures were diluted to 105 CFU/mL. Bacterial 
suspensions (100 µl) in cation-adjusted Mueller Hinton broth (CAMHB) were added to 
wells of 96-well microtiter plates containing Ag-nZeo, Ag-mZeo, or vancomycin (0.25 
µg/ml). Minimum inhibitory concentration (MIC) was determined by measuring the 
absorbance at 600 nm after 24 h standing incubation at 37°C. Cell viability was 
determined by plating duplicate 10-fold serial dilutions for each sample onto Mueller 
Hinton agar plates and enumerating colonies after 16 h incubation at 37 °C. 
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6.2.8 Antimicrobial Time-Kill Testing of MRSA USA300 with Ag-nZeo 
MRSA USA300 cultures at mid-logarithmic phase were centrifuged, resuspended 
in 1.1% Na2SO4 (w/v), and diluted to 107 CFU/mL. Bacterial suspensions were added to 
the wells of 96-well microtiter plates containing Ag-nZeo or nZeo. The microtiter plate 
was placed at 37 °C for the short duration of the experiment. Samples of the experimental 
wells were collected at 3, 7, and 10 min and subjected to 10-fold serial dilutions. At 
specified times, sodium thioglycolate (0.5% final concentration) was added to all 
experimental wells and included in serial dilutions to neutralize silver and prevent 
additional killing. Cell viability was determined by plating duplicate samples on TSA and 
enumerating colonies after 16 h incubation at 37 °C. 
6.2.9 Biofilms 
MRSA USA300 biofilms were grown in TSB supplemented with 1% glucose in 
MBEC 96-well microtiter plates (Innovotech, Edmonton, Canada), which allows biofilm 
growth on lid pegs, for 24 h. During growth, methicillin (2 µg/mL) was added to promote 
biofilm formation,43 and proteinase K (2 µg/mL) was included to minimize biofilm 
formation.43 After 24 h of growth, 2-fold serial dilutions of Ag-nZeo (128, 256, 512, 
1024, and 2048 µg/mL) were added to the wells of the microtiter plate. A growth control, 
negative control using the nZeo, and positive control of 70% ethanol were included. To 
determine if soluble silver ion at high concentrations would affect viability, 0.5% AgNO3 
(w/v) was included as a control. After static incubation at 37 °C for 24 h, biofilms were 
thoroughly washed with dH2O and removed from lid pegs by indirect sonication 
(Branson Ultrasonic Bath CPXH 1800 Series) in dH2O for 10 min. Cell viability was 
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determined by plating duplicate 10-fold serial dilutions for each sample onto TSA plates 
and enumerating colonies after 24 h incubation at 37 °C.  
6.2.10 Eukaryotic Cell Culture 
Detroit 551 (ATCC CCL-110) human skin fibroblasts and WM-115 (ATCC CRL-
1675) human skin epithelial cells were maintained in Eagle’s Minimum Essential 
Medium (EMEM) supplemented with 10% fetal bovine serum (FBS). U-937 (ATCC 
CRL-1593.2™) human monocytes were maintained in RPMI-1640 supplemented with 
10% FBS. Cells were incubated at 37°C with 5% CO2. 
6.2.11 Cytotoxicity of Ag-nZeo against Eukaryotic Cells 
Eukaryotic cell viability was assessed using a modified resazurin reduction 
microtiter plate assay (REMA).44 Cells were seeded at 50% confluency in a 96-well 
microtiter plate. Ag-nZeo were added to the wells at final concentrations of 2, 4, 8, 16, 
32, 64, and 128 µg/mL. Growth controls, nZeo negative controls, and hygromycin B 
positive controls were included in every assay. After adding resazurin (0.025 wt% final 
concentration) to wells and incubating for 4 h, fluorescence of resofurin, the product of 
resazurin reduction, was measured with a Spectramax M2 Microplate Reader (Molecular 
Devices) at Ex/Em 560/590 nm. To establish a baseline level of fluorescence, each 
experimental well had an adjacent “blank” well, which was subtracted from the total 
fluorescence value of the experimental well. Fluorescence values were compared to those 
of the growth controls to assess viability. Cytotoxicity was determined by calculating the 
lowest concentration of Ag-nZeo that significantly reduced percent viability.  
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6.2.12 Statistical Analyses 
All biological experiments were performed in triplicate. Quantitative data were 
expressed as means ± standard deviation (SD) or standard error of the mean (SEM). 
Statistical analyses were performed using repeated measures of two-way or one-way 
analysis of variance (ANOVA) and Dunnett’s or Tukey’s multiple comparisons tests. For 
interpretation of biofilm data, nonparametric one-way ANOVA and Dunn’s multiple 
comparisons test was used due to the high level of variability in biofilm generation. 
Statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, San 
Diego, CA), and adjusted p values of <0.05 were considered statistically significant. 
6.3 Results and Discussion 
6.3.1 Morphology of Ag-Zeolites 
The morphology of zeolite samples was investigated by SEM and TEM. Due to 
sensitivity of zeolites to electron irradiation45 as well as the fact that silver ions are 
readily reduced by an electron beam,46 low-dose TEM imaging mode was applied to 
obtain the intact morphology for the nZeo and Ag-nZeo samples. As shown in the SEM 
image (Figure 47a), Ag-mZeo exhibited a typical isotropic crystal shape of the FAU 
zeolite with average particle sizes of 1 – 3 µm and sharp crystal facets. In comparison, 
the Ag-nZeo showed submicron-sized particles with highly textured surfaces (Figure 
47b). The DLS measurement revealed that the particle size of the nZeo ranges from 100 
to 700 nm (Appendix D, Figure D2). From the TEM images of both nZeo (Figure 47c) 
and Ag-nZeo (Figure 47e), it was found that the submicron-sized particles are aggregates 
of intergrown zeolite nanocrystals with a lateral dimension between 20 – 40 nm (Figure 
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47c). Textual pores between the aggregated nanocrystals revealed a hierarchical pore 
structure with both zeolitic micropores and mesopores to the aggregates. This type of 
“nanostructured” zeolite material has gained significant interest as their unique 
morphology allows improved molecular diffusion.47-50 The individual nanocrystals also 
exhibited well-established facets and highly ordered lattice fringes in their HRTEM 
image (Figure 47d), indicating a high crystallinity of the nZeo. The HRTEM image of 
Ag-nZeo clearly showed the crystalline fringes associated with FAU-framework lattices, 
indicating that crystallinity is largely maintained (Figure 47f). The small particle sizes 
are likely due to the initial high molal concentration (10.1 m) of NaOH which is known to 
limit the particle growth in zeolite synthesis.51 
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Figure 47. SEM images of (a) Ag-mZeo and (b) Ag-nZeo; TEM (c) and HRTEM (d) 
images of nZeo; TEM (e) and HRTEM (f) images of Ag-nZeo. 
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6.3.2 Chemical Structure and Ag Content of Ag-Zeolites 
 
Figure 48. Powder X-ray diffraction (PXRD) of (a) zeolite and (b) Ag-zeolite samples 
along with theoretical simulated pattern of NaX zeolite. A peak (*) near 25° is due to 
anatase impurity in metakaolin. 
Zeolite samples were characterized by powder X-ray diffraction (PXRD) (Figure 
48). Both the nZeo and the commercial mZeo samples showed diffraction peaks 
characteristic of highly crystalline FAU-type zeolite, as referenced to the simulated 
pattern52 shown in Figure 48a. Given the high crystallinity of nZeo observed in TEM, the 
peak broadening observed for the nZeo samples allowed us to estimate the average 
crystalline domain size to be 24 nm based on Scherrer equation. The crystallite size is 
consistent with the size range of the zeolite particles observed from the TEM studies. The 
Si/Al ratios of the nZeo and mZeo were 1.47 and 1.06, respectively, based on the unit cell 
constants with a FAU structure (a = 24.866 and 24.999 Å, respectively). Both samples 
can be considered as zeolite X based on their low Si/Al ratios.53 After silver ion 
exchange, both Ag-nZeo and Ag-mZeo samples exhibited PXRD patterns that are in 
agreement with previous reports (Figure 48b).54-55 No Bragg peaks associated with 
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metallic silver were observed in either Ag-nZeo or Ag-mZeo (Figure 48b).  However, 
the Bragg peaks were somewhat broader for both Ag-nZeo and Ag-mZeo than for the 
original zeolite samples, indicating some loss of crystallinity during the ion exchange.  
From elemental analysis, the silver loadings for Ag-nZeo and Ag-mZeo were 
estimated to be 24 and 22 wt%, respectively, based on the difference in the 
concentrations of silver ion in solution before and after the ion exchange.  These values 
are lower than the highest 34 wt% loading that has been reported for zeolite X with a 
similar Si/Al ratio (1.5) in which all Na ions are exchanged by Ag ions.56 This incomplete 
Ag ion exchange in the samples and yet the absence of Na ions from the elemental 
analysis indicates that some Na ions were replaced by protons instead of Ag ions during 
ion exchange whereby the pH was maintained around 5.5.25 In any event, it is noted that 
the Ag loadings in both Ag-nZeo and Ag-mZeo were relatively high in comparison to 
FAU-type zeolites used in previous antibacterial efficacy studies (Appendix D, Table 
D1).9, 57-58 
6.3.3 Pore Characterization of Ag-Zeolites 
The mZeo exhibited a classical type I isotherm of microporous materials, 
characterized by immediate uptake at low relative pressure followed by horizontal 
adsorption and desorption branches (Figure 49a). In contrast, the nZeo showed a 
combination of type I and type IV isotherms, represented by a large H1-type hysteresis, 
indicating the presence of mesopores (Figure 49a). The BJH desorption pore width 
distribution of the nZeo revealed the presence of mesopores, whereby the pore width 
range extends into the macropore region (Figure 49b)59. The presence of the mesopores 
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and small macropores is attributed to the aggregate morphology of the nZeo observed in 
TEM studies (Figure 47e and 47f). The micropore volume of the nZeo was 0.29 cm3/g, 
which is comparable to that of the mZeo (0.31 cm3/g) (Table 2), hence corroborating the 
high crystallinity of the nZeo observed with the PXRD analysis. Assuming a 100% 
crystallinity of the mZeo, the crystallinity of the nZeo was 94% based on the micropore 
volume. However, the total pore volume for the nZeo was 0.57 cm3/g, much higher than 
0.34 cm3/g for the mZeo (Table 2).  
 
Figure 49. (a) Nitrogen sorption isotherms and (b) BJH pore width distributions of the 
zeolite samples. 
The micropore volumes of the Ag-zeolites were drastically lower than those of the 
original zeolites (Table 2; 0.15 cm3/g for Ag-nZeo and 0.19 for Ag-mZeo). Such 
apparent decreases in micropore volumes are often associated with amorphization of the 
crystal structure, which is already clear from the PXRD patterns of the samples. Since 
amorphization adversely affects the ion diffusion and release kinetics of zeolites, further 
examination is required to estimate the degree of the amorphization. Notably, it is 
important to consider that the apparent loss of micropore volume may not be due to 
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amorphization.  For example, a simple substitution of Na ions (atomic weight = 22.99 
g/mol) with Ag ions (atomic weight = 107.87 g/mol) in any zeolite would lead to a lower 
value of “gravimetric” micropore volume (micropore volume per unit mass of the 
sample) even when the corresponding “volumetric” micropore volume (micropore 
volume per unit volume of the sample) do not change.  Furthermore, during degassing of 
the samples in the gas sorption studies, the silver ions were noticeably reduced to Ag0 to 
form clusters or nanoparticles, which can also affect the micropore volume results. 
However, the size of the metal ions may not be a significant factor as Na and Ag ions 
have similar ionic radii (1.02 and 1.00 Å, respectively, with CN = 6).60 
Table 2. The pore characteristics of zeolites and silver ion exchanged zeolites used in this 
study. 
Sample 
SBET 
(m²/g) 
Smicro 
(m²/g) 
Vtotal 
(cm³/g) 
Vmicro 
(cm³/g) 
Vmeso 
(cm³/g) 
mZeo 694 663 0.34 0.31 0.021 
Ag-mZeo 469 405 0.27 0.19 0.09 
nZeo 754 617 0.57 0.29 0.29 
Ag-nZeo 458 322 0.48 0.15 0.33 
To examine the effect of Ag ions, the Ag-nZeo and Ag-mZeo were immersed in 3 
M NaNO3 in DI water (pH = 6.5) overnight, which resulted in a partial exchange of the 
Ag ions by Na ions. The micropore volume and surface area of the resulting bimetallic 
Na,Ag-nZeo and Na,Ag-mZeo are listed in (Appendix D, Table D2) together with those 
of the original (Na) and Ag-zeolites used for the experiments. The contents of the 
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remaining Ag ions in the samples were consistent with the qe values from the kinetics 
studies (see below). The measured Na and Ag contents indicate that all the protons in Ag-
zeolites were exchanged by Na ions, together with significant amounts of Ag ions. The 
stoichiometric presence of the metal ions in the Na,Ag-zeolites allowed us to estimate the 
effect of the atomic weight difference between Na and Ag on the gravimetric micropore 
volume. If all of the Ag ions in Na,Ag-zeolites were simply substituted by Na ions, the 
resulting hypothetical Na-zeolites would have micropore volumes of 0.24 cm3/g for nZeo 
and 0.26 cm3/g for mZeo. These values amount to 77 and 83% crystallinity for nZeo and 
mZeo, respectively, in comparison to the original 94 and 100% crystallinity before the 
ion exchange. The loss of the crystallinity during the ion exchange was estimated to be 
only ~17% for both nZeo and mZeo. However, it is noted that this microporosity-based 
estimation of crystallinity did not consider the effect of Ag0 cluster and nanoparticle 
formation during the preconditioning (degassing) of the Ag-zeolite samples which is 
onerous to quantify in this study. 
6.3.4 Silver Ion Release Kinetics 
To assess the efficiency of silver ion release by Na ion exchange, time-dependent 
silver ion release amounts were measured while the samples were in a continuous flow of 
a Na ion solution. In contrast to batch techniques for kinetics studies, continuous flow 
techniques are advantageous in that the desorbed species (silver ions in this case) are 
continuously removed from the ion exchanger (Ag-nZeo and Ag-mZeo) and hence 
resorption of the silver ions is prevented.61 Furthermore, the vigorous mixing condition in 
batch techniques can cause abrasion or disintegration of the ion exchanger particles, 
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particularly for the Ag-nZeo, during the measurement. For continuous flow techniques, it 
is important to maintain an efficient flow of the effluent during measurements. Based on 
their tap densities, Ag-nZeo and Ag-mZeo had 81 and 73% volume porosity when 
packed. When packed in the sample chamber, the sample region was about 7 and 6 mm 
long for Ag-nZeo and Ag-mZeo, respectively. Lengths did not change noticeably after 
the flow experiment, indicating that the samples maintained porosity during the 
continuous flow of the Na ion solution, hence minimizing the possibility of resorption of 
Ag ions.  Indeed, during all measurements, the flow rate remained constant within 3% of 
deviation. 
 
Figure 50. (a) Average silver ion release kinetics curves of Ag-zeolites at fast rate (FR, 
5.5 mL/min) and slow rate (SR, 0.6 mL/min). Error bars are shown in every 3 mins; (b) 
Pseudo-second order (PSO) linear regression of silver release kinetics data. 
The silver ion release curves for different samples (Ag-nZeo and Ag-mZeo) at the 
two different flow rates are shown in Figure 50. As shown in Figure 50a, most of the 
exchangeable silver ions were released within 5 min for the fast flow rate (5.5 mL/min) 
and 20 min for the slow flow rate (0.6 mL/min). These flow rates were chosen because of 
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their relevance to the operating conditions of medical apparatuses, such as intravenous 
cannulas. Ag-nZeo always released more silver ions than Ag-mZeo in both slow and fast 
flow rates. After examining various kinetic models, including the zeroth order, first-
order, pseudo-first-order (PFO), second-order, pseudo-second-order (PSO), Elovich, and 
intraparticle diffusion (IPD) models (Appendix D, Figure D3 and Table D3), the PSO 
model was found to show the best fit with the experimental data (Figure 50b) for all the 
experiments (Table 3). PSO kinetics is usually associated with chemical reaction and 
diffusional processes,62 which is consistent with the silver ion release process including 
the ion exchange reaction and ion diffusion inside pores of the zeolites. 
Table 3. Ag-zeolites sample characteristics and pseudo-second-order (PSO) model 
parameters. 
Sample Ag Loadings 
(mmol/g)a 
Particle Size 
(nm) 
Flow Rate 
(ml/min) 
r2 qe  
(mmol/g)d 
t1/2 
(s)d 
Ag-nZeo 2.21 24b 0.6 
5.5 
0.9999 
0.9997 
0.95 
0.95 
263 
75 
Ag-mZeo 2.23 >2000c 0.6 
5.5 
0.9955 
0.9983 
0.30 
0.41 
540 
170 
afrom RBS/PIXE 
bdetermined by applying Scherrer equation with [111], [133] and [246] reflection peaks  
cfrom SEM/TEM 
d
calculated from PSO model fitting 
Silver ion release kinetics using the PSO model is described by Eqn. 11, where qt 
and qe are the total silver ion amounts released by the time t and until the equilibrium, 
respectively, and k is the rate constant with the boundary condition qt=0 = 0; qt=∞ = qe, the 
differential Eqn. 11 can be transformed into a linear form of the integral Eqn. 12:  
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dqt
dt =k (qe − qt)2     (11), 
t qt=  
1
kqe
2 + 1 qe t     (12). 
The half-life (t1/2) is calculated using Eqn. 13, a unique PSO parameter to describe the 
sorption kinetics:63 
t1 2= 1 kqe
     (13). 
Based on the PSO model, the qe values for Ag-nZeo were ~0.95 mmol/g for both 
fast (5.5 mL/min) and slow flow (0.6 mL/min) rates (Table 3). In contrast, the 
corresponding qe values for Ag-mZeo were only 0.41 and 0.30 mmol/g, despite the 
similar silver loading (Table 3). Furthermore, the Ag-mZeo half-lives were more than 
double those of Ag-nZeo at both flow rates (Table 3). Although not as drastic as this 
study, the improvement in release amounts for nanostructured or nanosized zeolites has 
been reported previously for Ag-LTA.64 The observation for those zeolite materials was 
attributed to their larger surface areas and smaller particle sizes which would be 
beneficial for better release kinetics, as the diffusion time is quadratically proportional to 
the diffusion length in an ideal case.64-65  In such a situation, one might suspect that the 
total release amount from Ag-mZeo would eventually reach values for the Ag-nZeo. 
However, the convergence of Ag-mZeo and Ag-nZeo total release amounts would occur 
very slowly, well beyond the measurement period in this study. Nonetheless, the 
probability Ag-mZeo and Ag-nZeo converging release amounts were not in agreement 
with the best-fit PSO model where the silver ion release appears to reach its equilibrium 
during the measurement periods (Figure 50). Alternatively, the Ag-nZeo and the Ag-
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mZeo may have different silver ion distributions in the FAU structure in such a way that 
more labile silver ions are available in the Ag-nZeo than in the Ag-mZeo. The slight 
difference in Si/Al ratio alone does not lead to discernable silver ion distributions in the 
same FAU structure.56, 66-67 Unfortunately, the peak broadness due to the small crystallite 
size and the slight loss of crystallinity does not allow the refinement of silver atom 
positions and their occupancies. 
6.3.5 Ag-nZeo and Ag-mZeo Inhibit MRSA in Agar Diffusion Assays 
To assess MRSA inhibition of silver ion-exchanged zeolites, Agar diffusion 
assays were performed. Measurements of silver ion inhibition (11 – 12 mm) revealed that 
Ag-nZeo and Ag-mZeo particles embedded in agar wells inhibited MRSA growth 
(Figure 51). Both Ag-nZeo and Ag-mZeo particles that were embedded in agar wells 
yielded significantly larger zones of inhibition than Ag-nZeo and Ag-mZeo aqueous 
suspension applied to the agar surface (Figure 51). The nZeo and mZeo not subjected to 
silver ion exchange did not inhibit MRSA (Figure 51). Both Ag-nZeo in aqueous 
suspensions and dry Ag-nZeo embedded in agar wells inhibited MRSA similarly, 
indicating that water present in the agar is sufficient to initiate silver ion exchange and 
diffusion. These inhibition zones demonstrated that Ag-nZeo and Ag-mZeo similarly 
inhibit MRSA growth in nutrient-rich TSA. Since agar diffusion assays incubate for 20 – 
24 h and Ag-nZeo and Ag-mZeo have similar silver loading amounts, rapid silver ion 
release kinetics would not be a major contributing factor in assessing MRSA inhibition. 
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Figure 51. Agar diffusion assays showing Ag-nZeo ion diffusion and MRSA inhibition. 
(a) Ag-nZeo and nZeo or (b) Ag-mZeo and mZeo (1 mg) were applied (W,S: wet, 
surface; W,W: wet, well; D,W: dry, well) to the agar as described in the Experimental 
Procedures. Diameter measurements (described in the Experimental Procedures) were 
determine from at least three independent experiments using (c) Ag-nZeo and nZeo or (d) 
Ag-mZeo and mZeo. Values represent the mean diameter measurements and SEM of 
three independent experiments. The following antibiotic disks were used as controls: 
doxycycline (D-30), amoxicillin with clavulanic acid (AmC-30), 
trimethoprim/sulfamethoxazole (SXT), or oxacillin (OX-1). ****, adjusted p ≤ 0.0001; 
**, adjusted p ≤ 0.01; one-way ANOVA with Tukey’s multiple comparisons testing. 
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6.3.6 MIC and MBC of Ag-nZeo against MRSA 
Table 4. MRSA minimum inhibitory concentration (MIC) and minimum bactericidal 
concentration (MBC) of Ag-nZeo and Ag-mZeo, along with the Ag equivalency for each 
concentration. 
Sample Medium Time 
MIC 
(µg/mL) 
MIC 
Ag-equiv. 
(µg/mL) 
MBC 
(µg/mL) 
MBC  
Ag-equiv. 
(µg/mL) 
CFU 
reduction 
(%) 
Ag-nZeo TSB 2 h 8 1.92 >2048 >491 N/A 
Ag-mZeo TSB 2 h 4 0.88 >2048 >450 N/A 
Ag-nZeo TSB 24 h 16 3.84 32 7.68 99.99 
Ag-mZeo TSB 24 h 16 3.52 32 7.04 99.93 
Ag-nZeo CAMHB 24 h 4 0.96 4 0.96 99.99 
Ag-mZeo CAMHB 24 h 2 – 4 0.44-0.88 8 1.76 99.99 
As a reference to clinical antimicrobial susceptibility testing, MRSA was 
incubated with 2-fold serial dilutions of Ag-nZeo (0.25 – 1024 µg/mL) for 24 h in 
CAMHB. The result gave MIC and MBC values of 4 µg/mL Ag-nZeo (Ag equivalency 
of 0.96 µg/mL; Table 4). Subsequent susceptibility testing of MRSA in TSB revealed 24 
h MIC and MBC values of 16 and 32 µg/mL, respectively, for Ag-nZeo or Ag-mZeo 
(Table 4). While these values are excellent and compatible with the lowest values that 
have been reported for zeolites with similar silver contents,31 the excellent performance 
was not associated with other components, such as the anatase impurity (1.1 wt%), 
because control nZeo and mZeo did not exhibit antibacterial activity. Potential effects of 
Si/Al ratio are worth mentioning, as it has been reported that Si/Al ratios can affect the 
antibacterial efficacy of FAU zeolites. For example, AgY (Si/Al = 2.83; 9.7 Ag wt%) 
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showed an MIC value of 200 µg/mL against E. coli and Bacillus subtilis in lysogeny 
broth agar, while AgX (Si/Al = 1.64; 9.8 Ag wt%) performed worse with MIC = 300 
µg/mL.57 While not completely implausible, however, such a Si/Al effect may not be as 
significant in comparing nZeo and mZeo, as both are zeolite X due to their low Si/Al 
ratios (1.47 vs. 1.06).   
It is noted that the Ag-nZeo and Ag-mZeo did not display significant differences 
in broth antimicrobial efficacy against MRSA (Table 4). Given the drastic difference in 
silver ion release kinetics found for the Ag-nZeo and Ag-mZeo (Table 3), the disparity of 
the environments under which the release kinetics and antibacterial efficacy were studied 
could be contributing factors. While the release kinetics were characterized in 1 h using 
100 mg of Ag-nZeo or Ag-mZeo and unbuffered sodium nitrate, the broth antibacterial 
susceptibility experiments were performed for 24 h with microgram quantities of Ag-
nZeo and Ag-mZeo in complex bacterial growth media. Organic molecules, particularly 
protein extracts, peptides, and amino acids found in TSB and CAMHB, could bind free 
silver ions limiting bioavailability and abrogating differences in Ag-nZeo and Ag-mZeo 
silver ion release kinetics. Furthermore, chloride anions present in bacterial growth media 
(86 mM in TSB and 1.3 mM in CAMHB) could promote silver chloride precipitation, 
thereby negating any potential effects of Ag-nZeo rapid silver ion release kinetics and 
diminishing the antibacterial activity of free silver ions.  
6.3.7 Rapid Killing of MRSA USA300 by Ag-nZeo and Ag-mZeo 
To investigate the correlation between the silver ion release kinetics and the 
antibacterial activity of Ag-nZeo and Ag-mZeo, kill curve experiments were performed 
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with MRSA in the presence of sodium sulfate (1.1%) to promote Ag-nZeo and Ag-mZeo 
silver ion release. While the experimental conditions characterizing the silver ion release 
kinetics were different, these rapid antibacterial efficacy studies were performed within 
10 min, the period during which Ag-nZeo and Ag-mZeo displayed the largest differences 
the ion release kinetics (Figure 50). As shown in Figure 52, Ag-nZeo (400 µg/mL) 
completely killed MRSA within 3 min, while Ag-mZeo (400 µg/mL) required twice as 
much time (7 min) to completely kill MRSA. The killing kinetics of lower concentrations 
of Ag-nZeo and Ag-mZeo (100 and 50 µg/mL) were similar (Figure 52), indicating that 
additional MRSA collection times between 7 and 10 min would be necessary to delineate 
potential effects of silver ion release kinetics. Since the silver ion release kinetics for Ag-
nZeo were more than twice as fast as Ag-mZeo (Figure 50; Table 3), the superior killing 
kinetics of Ag-nZeo (400 and 200 µg/mL), compared to Ag-mZeo (400 and 200 µg/mL), 
were highly correlated with the Ag-nZeo rapid silver ion release characteristics. 
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Figure 52. Assessment of rapid killing ability of Ag-nZeo and Ag-mZeo. Mid-
logarithmic phase MRSA USA300 was incubated with 50, 100, 200, or 400 µg/mL Ag-
nZeo or Ag-mZeo in 1.1% Na2SO4(w/v). Negative controls with nZeo or mZeo (400 
µg/mL) were included. The dashed black line indicates the limit of detection. Values 
represent the mean and SEM of four independent experiments. Solid lines represent Ag-
nZeo, and dashed lines represent Ag-mZeo. 
6.3.8 Bactericidal Activity of Ag-nZeo against MRSA in Water 
To characterize Ag-nZeo antibacterial activity in clinical use-related 
environments, the killing kinetics of Ag-nZeo were further studied for a longer period 
(120 min) at various low concentrations (0, 0.1, 0.5, or 1 µg/ml Ag-nZeo) in water. 
Incubation of MRSA in water with low concentrations of Ag-nZeo revealed continuous 
antimicrobial activity for 120 min (Figure 53). A concentration of 1 µg/mL Ag-nZeo 
(0.24 µg/mL Ag) exhibited bactericidal activity (≥99.9% population reduction) against 
MRSA after incubation at 37 °C for 80 min (Figure 53). Further incubation at 37 °C for 
120 min revealed ~10-fold increases in antibacterial activity with Ag-nZeo 
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concentrations of 0.5 or 1 µg/mL (Figure 53). In contrast, 0.1 µg/mL Ag-nZeo (0.024 
µg/mL Ag) did not elicit antibacterial activity over the 120-min incubation period 
(Figure 53). 
 
Figure 53. Time-kill curves of low concentrations of Ag-nZeo and MRSA. Mid-
logarithmic phase MRSA was incubated with 0, 0.1, 0.5, or 1 µg/ml Ag-nZeo in water for 
120 min at 37 °C. Values represent the mean CFU and SEM of three independent 
experiments.  
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6.3.9 Effect of Ag-nZeo on MRSA USA300 Biofilms 
 
Figure 54. Effect of Ag-nZeo against MRSA USA300 biofilms. MRSA USA300 
biofilms were grown for 24 h in TSB. Methicillin (2 µg/mL) was used to induce biofilm 
growth, while proteinase K (2 µg/mL) was used to limit formation of biofilms. Ethanol 
(EtOH, 70%) was used as a positive control, and 2048 µg/mL nZeo was used as a 
negative control. Silver nitrate (0.5% AgNO3) was included to determine the effect of 
high molar concentrations of silver ion on biofilm viability. Columns with hatched black 
lines indicate weakly formed biofilms due to proteinase K. *, adjusted p ≤ 0.05; 
nonparametric one-way ANOVA with Dunn’s multiple comparisons test. 
To determine the effect of Ag-nZeo on biofilm cell viability, MRSA USA300 
biofilms were exposed to Ag-nZeo for 24 h. For comparison purposes, methicillin (2 
µg/mL) was used to induce biofilm formation43, and proteinase K (2 µg/mL) was 
incorporated to limit biofilm formation43. Silver nitrate (0.5%) was used to determine the 
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effect of high molar concentrations of silver on cell viability. Figure 54 shows that high 
concentrations of Ag-nZeo were ineffective at affecting MRSA biofilm cell viability, 
although Ag-nZeo efficacy appeared to increase at lower concentrations. While cell 
viability reductions in the presence of Ag-nZeo were not statistically significant, the 
correlative trend of decreasing Ag-nZeo concentrations and decreased viability was 
evident (Figure 54). Based on other experiments, it is hypothesized that the addition of 
rough, insoluble material (i.e., nZeo) aided biofilm formation. It is established that 
roughness of a surface affects the formation of biofilms in many bacteria, including S. 
aureus69-71. In the presence of larger amounts of Ag-nZeo, larger particles could release 
silver and adhere to the biofilm matrix, thereby providing additional surface area to 
promote biofilm development. Silver nitrate, which lacks insoluble materials, 
significantly reduced cell viability in weakly formed biofilms (Figure 54), further 
supporting that the nZeo particles provide additional biofilm scaffolding. 
6.3.10 Cytotoxicity Testing of nZeo 
Table 5. Ag-nZeo cytotoxicity against human cells for 4 days. 
Cells Medium Cytotoxic Conc. 
Ag-nZeo (µg/mL) 
Cytotoxic Conc. 
Ag equiv. (µg/mL) 
Detroit 551 EMEM 64 15.3 
WM-115 EMEM > 128 > 30.6 
U-937 RPMI 1640 64 15.3 
To assess cytotoxicity of nZeo against eukaryotic cells, three different human cell 
lines were exposed to 2-fold serial dilutions of Ag-nZeo, ranging from 2 – 128 µg/mL, 
and monitored metabolic activity over 4 d. Ag-nZeo did not elicit cytotoxicity upon 
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exposure to WM-115 human skin epithelial cells, indicating that the minimum cytotoxic 
concentration is > 128 µg/mL (Table 5). Detroit 551 human skin fibroblasts and U-937 
human monocytes exposed to Ag-nZeo (2 – 128 µg/mL) showed a significant reduction 
in viability at a minimum tested concentration of 64 µg/mL (Table 5). These results 
indicated that the cytotoxic concentrations are 4- to 16-times greater than the 
concentrations necessary to inhibit MRSA growth (Table 4). Importantly, cytotoxicity 
was assessed with extended incubations over 4 days, which is four times longer than the 
longest antimicrobial susceptibility experiments (24 h) in this study. Cytotoxicity of nZeo 
without silver was performed at 128 µg/mL nZeo with no change in viability, 
demonstrating that Ag ions are responsible for all cytotoxic activity. The observed 
cytotoxicity of the Ag-nZeo was consistent with a very recent report on silver ion-
exchanged nanosized EMT (Ag-EMT).41 The comprehensive studies indicate that Ag-
nZeo is an antibacterial material that can rapidly and effectively kill MRSA with dosages 
(0.5 – 1 µg/mL; 2 h) much lower than concentrations and exposure times (64 – 128 
µg/mL; 4 d) whereby the material becomes cytotoxic. 
6.4 Concluding Remarks  
Comprehensive and comparative studies on porosity, morphology, Ag ion release 
kinetics, antibacterial properties, and cytotoxicity are reported for silver ion-exchanged 
nanostructured zeolite X (Ag-nZeo) and a reference, micro-sized silver ion-exchanged 
zeolite X (Ag-mZeo). The silver ion-exchanged zeolites showed a pseudo-second-order 
silver release kinetics under a continuous flow condition. Ag-nZeo released more silver 
ions and exhibited faster silver ion release kinetics than Ag-mZeo regardless of the flow 
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rate, probably due to the much smaller particle size and higher external surface area of 
Ag-nZeo. While the flow rate had a large impact on silver release for Ag-mZeo, 
increasing the flow rate was less significant for Ag-nZeo due to the very short ion 
diffusion length in nZeo particles.  
The superior silver ion release kinetics of Ag-nZeo correlates with Ag-nZeo 
exhibiting faster killing kinetics than Ag-mZeo, particularly higher concentrations. In 
clinical antimicrobial broth susceptibility assays, both the Ag-nZeo and Ag-mZeo 
showed excellent but comparable MIC and MBC values, despite the drastic superiority of 
Ag-nZeo in silver ion release kinetics. The latter results indicate that the antibacterial 
performance of zeolites in a clinical setting will depend on various factors other than how 
fast the silver ions can be released. In any event, the observed excellent antibacterial 
efficacy and low cytotoxicity of Ag-nZeo establish the material as a new effective 
antibacterial against MRSA. Future experiments will test the practical use of Ag-nZeo as 
well as their effects in vivo. 
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CHAPTER 7 
7 SUPERIOR ION RELEASE PROPERTIES AND ANTIBACTERIAL EFFICACY 
OF NANOSTRUCTURED ZEOLITES ION-EXCHANGED WITH ZINC, 
COPPER, AND IRON  
7.1 Introduction 
Nanosized zeolites, termed “nanozeolites”, are of great interest in various 
industrial applications, such as catalysis and gas separation, with the premise that their 
high external surface area and short diffusion length would enhance their functionalities 
in those applications where molecular diffusion is a critical factor.  The performance of 
nanozeolites has also been studied for new emerging applications such as sensors, drug 
delivery and antimicrobials.51, 140-142  Transition metal ions, such as Ag+, Zn2+, Cu2+, Fe2+, 
and others, have been recognized as effective antimicrobials with minimal toxicity to 
humans.143-148  Zeolites are an ideal material to host and release the metal ions because of 
their controllable ion exchange properties and the high thermal and chemical stabilities 
desired for industrial production processes.49  Indeed, zeolites loaded with antimicrobial 
metal ions consistently demonstrate activity against a broad spectrum of 
microorganisms.95, 149-152 Ion release from zeolites occurs when the ions in zeolite diffuse 
through the zeolite body to the external surface, so the increased surface area and the 
nanoscopic dimension of nanozeolites are desirable for an enhanced ion release 
performance. The antimicrobial applications of the nanozeolites are particularly timely in 
the age of continuously emerging antimicrobial resistance, where the fight to prevent the 
spread of infection is critical and cannot be understated.   
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While silver has been well studied for its antimicrobial efficacy, other more 
affordable metals are generating interest for antimicrobial applications.  Zinc oxide 
nanoparticles153 and zinc ion-exchanged zeolites149 have been exploited for their 
antimicrobial activity. In addition to its antimicrobial properties, zinc aids wound healing 
when applied topically154-155, making it clinically efficacious in wound care and 
management. While the use of copper as an antimicrobial has existed for millennia, there 
are widespread efforts to enhance its antimicrobial activity and expand its use in 
healthcare settings and environmental applications.156-157 Although iron is not frequently 
investigated as an antimicrobial, there is some evidence that ferrous iron (Fe2+) released 
by ion-exchanged clays contributes to antibacterial activity.145 Iron and copper ions can 
cause oxidative damage to lipids, proteins, and DNA via Fenton and Haber-Weiss 
reactions, potentially leading to indirect, metal-induced antibacterial activity.158 At the 
molecular level, copper and zinc ions can damage cytoplasmic dehydratase enzymes, 
leading to rapid enzymatic inactivation and bacterial cell death.159-160  
Despite the important benefits of the antimicrobial zeolites ion-exchanged with 
Cu2+, Zn2+, or Fe2+, comprehensive studies that examine the correlation between the 
innate material properties of zeolite particles, especially of nanozeolites, and their 
antimicrobial efficacy are lacking.  Furthermore, the studies rarely investigate material 
concentration-dependence on antimicrobial efficacy.  In perhaps the most comprehensive 
study, Demirci et al.149 showed that their Cu- and Zn-ion-exchanged microsized zeolite X 
samples have inhibitory activity against Staphylococcus aureus, Bacillus cereus, 
Escherichia coli, and Pseudomonas aeruginosa at concentrations 256 – 2048 µg/mL.  
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In the previous work (Chapter 6),95 it was demonstrated that Ag+-ion-exchanged 
highly-crystalline nanostructured zeolite X offers superior release kinetics and rapid 
antibacterial activity compared to their microsized counterparts.95 For example, Demirci 
et al.149 revealed Ag+-ion-exchanged micron-sized zeolite X at concentrations of 32 – 64 
µg/mL displayed 24 h inhibitory activity against S. aureus in trypticase soy broth 
(TSB),149 while in this work, the Ag+-ion-exchanged nanostructured zeolites inhibited 
methicillin-resistant Staphylococcus aureus (MRSA) at 16 µg/mL in the same medium. 
Furthermore, the Ag+-ion-exchanged nanostructured zeolites showed a minimum 
bactericidal concentration (MBC; >99.9% population reduction) of 1 µg/mL after 2 h in 
water.95 Particle size of zeolites significantly affected ion release, as shown in previous 
studies95: zeolite X aggregates with a primary particle size of 24 nm show 43% Ag ion 
release within a few minutes while only 18% could be released from 2 µm-sized zeolites 
during the same time. The work demonstrated that nanostructured zeolites, with their 
high surface area and short ion diffusion path lengths, rapidly release silver ions and kill 
bacteria, compared to the microsized counterparts.  In expanding the development of 
high-performance antimicrobials with anticipated cost benefits, that preparation of zinc, 
copper, and iron ion-exchanged nanostructured zeolites and their materials properties, 
superior ion release behavior, and antibacterial activities against MRSA is discussed in 
this chapter.   
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7.2 Experimental  
7.2.1 Materials Synthesis and Preparation  
The nanostructured zeolite X was synthesized by first preparing a geopolymer 
resin with the composition of 3.0Na:Al:2Si:16.2H2O (x = 0.75).  The geopolymer-resin 
was prepared by dissolving 4.555 g of NaOH pellets (Sigma Aldrich) and 11.711 g of 
water glass (Sigma Aldrich) in deionized (DI) water (8.190 g), before the addition of 
5.735 g of metakaolin (MetaMax® from BASF). After stirring with a mechanical mixer 
(IKA® RW 60 digital mixer) at 800 rpm for 40 min, the visually homogeneous and free-
flowing geopolymer resin was obtained. Into the resin, 15 mL of canola oil (J.M. 
Smucker Company, Crisco®) was added and stirred for another 10 min. The resin-oil 
mixture was then poured into 50 ml-polypropylene tubes and tightly closed, and placed in 
a laboratory oven at 90 °C for 36 h. After heating, the product, exhibiting a paste 
consistency, was removed from the tubes and washed with hot (90 °C) DI water through 
several cycles of centrifugation and redispersion in a large amount of the hot water until 
the pH of the filtrate reached about 8. The final product was collected, then dried in a 
laboratory oven at 90 °C overnight and stored in sealed glass vials at room temperature 
for further use. 
To prepare zinc, copper, and iron ion-exchanged zeolites, zeolites, nZeo, or 
reference mZeo (13X, Sigma-Aldrich) (1 g) were suspended in 150 mL of UV-irradiated, 
nanopure, DI water in a 250 mL-beaker. A 0.01 M nitric acid solution was gradually 
added to the suspension until the pH reached 6.5, 5.5, or 7.0 for Zn2+, Cu2+, or Fe2+ ions, 
respectively, to avoid metal hydroxide precipitates. The metal ion solutions were 
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prepared by dissolving 1 g of Zn(NO3)2·6H2O (99%, Alfa Aesar), Cu(Ac)2·H2O (>99.0%, 
Sigma-Aldrich), or FeSO4·7H2O (98%, Alfa Aesar) into 50 mL DI water, followed by pH 
adjustment to 5.5 by gradual addition of 0.01 M nitric acid. For the ion exchange 
reaction, the metal ion solutions were added to the zeolite suspensions and the mixtures 
were stirred gently for 24 h. 10 – 20 mL of the suspension was taken out and was filtered 
with a syringe membrane filter with a polytetrafluoroethylene (PTFE) membrane (0.45 
µm), and the filtrate was collected for elemental analysis. The ion-exchanged zeolite 
particles were collected from the rest of the suspension by at least five cycles of repetitive 
centrifugation and resuspension in a copious amount of DI water, and dried overnight at 
90 °C. Particularly, the iron ion exchange was carried out with nitrogen-purged DI water 
in a nitrogen-filled glove bag to minimize the oxidation of ferrous (Fe2+) ions to ferric 
(Fe3+) ions which have a detrimental effect on the ion exchange process. The product 
exhibited a slightly yellowish color, indicating partial oxidation of the ferrous ions. The 
contents (loadings) of the transition metals in the ion-exchanged zeolites were estimated 
from the difference between the amount of metal ions before and after ion exchange 
present in solution.  The amounts of metal ions were calculated by multiplying the 
solution volume by the transition metal ion concentrations in the filtrates measured with 
the inductively coupled plasma-optical emission spectrometry (ICP-OES) (Thermo 
Scientific iCAP 6300 spectrometer). 
7.2.2 Materials Characterizations 
Powder X-ray diffraction (PXRD) patterns of the Cu- and Zn-zeolite samples 
were collected on a Bruker D8 powder X-ray diffractometer with Cu Kα radiation with a 
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wavelength of 1.5406 Å, and the PXRD patterns of Fe-zeolites were collected on 
Siemens D5000 powder diffractometer with Co Kα radiation with a wavelength of 1.7902 
Å at a scan speed of 2.0 °/min and a step size of 0.04°. Scanning electron microscopy 
(SEM) images of powdered samples were collected using an XL30 environmental FEG 
(FEI) microscope operating at 15 kV acceleration voltage. Brunauer-Emmett-Teller 
(BET) surface areas were estimated with a Micrometrics ASAP 2020 volumetric 
adsorption analyzer with nitrogen as the adsorbate at 77 K. Prior to the analysis, samples 
(300 mg) were degassed at 300 °C for 10 h under vacuum until a residual pressure of ≤10 
µm Hg was reached. Specific surface areas were determined from the BET equation. The 
t-plot method was used to distinguish the micropores from the mesopores in the samples 
and to calculate the external surface areas. The mesopore volumes were calculated after 
subtracting the micropore volume from the total pore volume.  Mesopore size 
distributions were obtained using the Barrett-Joyner-Halenda (BJH) method assuming a 
cylindrical pore model.70   
7.2.3 Transition Metal Ion Release Study 
In a typical experiment, 45 mg of metal ion-exchanged zeolites was dispersed into 
45 mL saline (0.9% NaCl; w/v) to achieve a concentration of 1 mg/mL. While the 
mixture was agitated at 600 rpm, a 10-ml aliquot was taken out after 3 min, 1 h, and 2 h. 
Each aliquot was filtered with a syringe membrane filter with a polytetrafluoroethylene 
(PTFE) membrane (0.45 µm), and the filtrate was analyzed by ICP-OES. Dynamic light 
scattering experiments confirmed that zeolite particles were not present in the filtrates 
after the filtration process.   
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7.2.4 Bacterial Strains and Growth Conditions 
MRSA USA300 LAC (received from Dr. Juliane Bubeck-Wardenburg, University 
of Chicago, Chicago, IL), the most commonly isolated community-associated MRSA 
strain in the U.S.,161 were grown in trypticase soy broth (TSB) or on trypticase soy agar 
(TSA). Cultures were grown from frozen glycerol stocks for 18 h with gentle mixing at 
37 °C. Saturated cultures were then diluted 1:40 in TSB and grown to exponential phase 
by gentle mixing at 37 °C for 2.5 h (OD600 = 0.3 – 0.4). 
7.2.5 Antibacterial Susceptibility Testing of Ion-Exchanged Zeolites in Saline 
In all the antibacterial susceptibility testing experiments, a negative control 
consisting of Na-nZeo or Na-mZeo was used to ensure that antibacterial activity was 
caused by the release of metal ions instead of the zeolites themselves.  All the samples 
were sterilized with 180 °C dry heat for 3 h prior to the testing. Exponential phase MRSA 
cultures were resuspended in sterile saline (0.9% NaCl; w/v). MRSA cells were then 
adjusted to a concentration of 3 – 5 5 ´ 107 CFU/mL (OD600 = 0.12) and mixed with 
varying amounts of the ion-exchanged zeolites. Suspensions of MRSA and ion-
exchanged zeolites were incubated at 37 °C with gentle agitation. After 1 h and 2 h, 
samples were serially diluted and plated on TSA to determine the minimum bactericidal 
concentration (MBC; ≥99.9% reduction in CFU/mL).  
7.2.6 Broth Microdilution 
A microtiter plate containing cation-adjusted Mueller Hinton Broth (CAMHB) 
with two-fold serial dilutions of ion-exchanged zeolites (8 to 2048 µg/mL) or 
vancomycin (positive control) was prepared. After the addition of exponential phase 
 157 
MRSA (1 – 3 ´ 105 CFU/mL), the microtiter plate was incubated at 37 °C for 24 h. The 
MBC was determined by plating samples onto Mueller-Hinton agar (MHA) and 
incubating plates at 37 °C overnight.  
7.3 Results and Discussion 
7.3.1 Zeolite Structures, Morphologies and Pore Characteristics  
The Si/Al ratios were estimated to be 1.06 for mZeo and 1.47 for nZeo from X-
ray diffraction studies (see below) and thus their theoretical ion exchange capacities 
(IECs) are 5.28 and 4.58 meq/g, respectively. The extent of ion exchange was determined 
by measuring the amount of the metal ions left after ion exchange in the solution.  The 
results are shown in Table 6 where the parent zeolites are labeled with the prefix “Na-”, 
while the ion-exchanged zeolites are with the prefix that indicates the metal used for ion 
exchange. For the microsized zeolite (mZeo), the ion exchange was 53.6, 69.1 and 
50.5 % of its IEC for Zn2+, Cu2+ and Fe2+ ions, respectively. For the nanosized zeolite 
(nZeo), the corresponding values were 50, 58.0 and 41.2 %. With the assumption that the 
chemical compositions remain the same except for the exchanged ions, the relative 
amounts of Zn, Cu, and Fe to the original zeolites are calculated to be 9.02, 11.2 and 7.37 
wt%, respectively, for mZeo, which are equivalent to 1.38, 1.77 and 1.32 mmol/g, 
respectively. The corresponding values for nZeo are 7.32 (Zn), 8.26 (Cu) and 5.21 wt% 
(Fe), which correspond to 1.12, 1.30 and 0.93 mmol/g. A recent study by Redfern et al. 
on nanosized zeolite X (Si/Al = 1.2) indicated that 75% of sodium ions were exchanged 
with copper ions, resulting in 11 wt% Cu content.162  For the microsized zeolite X (Si/Al 
= 1.25), up to 18 wt% Zn and 15 wt% Cu has been reported after ion exchange at room 
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temperature by Demirci et al., although the detailed analysis was not given.149 In any 
event, the extent of ion exchange in this work was somewhat lower than these values. 
Powder X-ray diffraction (PXRD) patterns of parent zeolites and the ion-
exchanged zeolites are shown in Figure 55 where the patterns are grouped for the sake of 
easy comparison of the peak intensities and positions. All the samples exhibit Bragg 
reflection peaks whose positions match those calculated for an FAU zeolite crystal 
structure.163 The Bragg peaks are sharp for both parent Na-mZeo and Na-nZeo, indicating 
a high crystallinity of the samples. The size of Na-nZeo crystallites is estimated to be 24 
nm based on the peak broadening using Scherrer equation, as reported in previous works 
(Chapter 5, 6 and 7).95 Additionally, the Si/Al ratios of the Na-nZeo and Na-mZeo are 
1.47 and 1.06, respectively, based on the unit cell constants refined with a cubic FAU 
structure (a = 24.866 and 24.999 Å, respectively).  
Since there were no appreciable changes in the Bragg peak positions after the ion 
exchange, the unit cell dimensions are conserved for all the samples during the ion 
exchange process.  Likewise, negligible changes in peak intensities would be expected 
when the exchanged Na ions and the replacing transition metal ions have similar 
preferences in their locations in zeolite structure. This is indeed the case for Zn-mZeo, 
Zn-nZeo (Figure 55a) and Cu-nZeo (Figure 55b). However, the PXRD pattern of Cu-
mZeo exhibits different relative peak intensities compared to the parent Na-mZeo 
(Figure 55b), indicating that the Cu ions prefer different locations in mZeo.164  For 
example, the three strongest Bragg peaks in the PXRD of Na-mZeo, (111), (220) and 
(331), are located at 2q = 6.3, 23.6, and 10.2°, respectively, while for Cu-mZeo, the peaks 
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(533) at 23.6°, (331) at 15.6°, and (555) at 31.2° are the strongest. In contrast, there is no 
obvious change in relative peak intensities between the PXRD patterns of Cu-nZeo and 
Na-nZeo (Figure 55b), which is consistent with a previous report.162 For both Fe-nZeo 
and Fe-mZeo (Figure 55c), the ion exchange led to a distinct change in Bragg peak 
intensities.  Moreover, the Bragg peaks of Fe-nZeo are broader than the parent Na-nZeo, 
indicating a partial collapse of the zeolite structure during the iron ion exchange.  
 
Figure 55. PXRD patterns of parent Na-mZeo and Na-nZeo samples along with the (a) 
Zn-mZeo and Zn-nZeo (Cu Ka), (b) Cu-mZeo and Cu-nZeo (Cu Ka), and (c) Fe-mZeo 
and Fe-nZeo (Co Ka) samples. 
The morphology of zeolite samples before and after ion exchange was 
investigated by SEM (Figure 56). Na-mZeo exhibits a typical isotropic crystal shape of 
the FAU zeolite with average particle sizes of 1 − 3 µm and sharp crystal facets (Figure 
56a), while Na-nZeo shows submicron-sized particles with highly textured surfaces 
(Figure 56e). TEM images of the Na-nZeo indicate that the submicron-sized particles 
observed in the SEM studies are made up of primary nanoparticles with plate-like 
morphologies (Appendix E, Figure E1). Most of the nanoparticles are in the range of 10 
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– 30 nm in length, in agreement with the particle size (24 nm) estimated from the PXRD 
studies, although some have a lateral dimension as large as 100 nm. Morphologies of the 
ion-exchanged mZeo and nZeo samples are similar to their parent forms (Figure 56), 
indicating that the ion exchange process preserved the original morphology. These results 
are consistent with the previous studies on silver ion-exchanged zeolites (Chapter 6).95 
 
Figure 56. Scanning electron microscopic (SEM) images of parent (a) Na-mZeo and (e) 
Na-nZeo samples; (b) Cu-mZeo and (f) Cu-nZeo samples; (c) Zn-mZeo and (g) Zn-nZeo 
samples; (d) Fe-mZeo and (h) Fe-nZeo samples.  
Since pore characteristics of zeolites affect metal ion release and thereby the 
antibacterial activities, nitrogen sorption measurements were performed to characterize 
pore size and distribution of the zeolite samples. As shown in Figure 57a-c, the Na-mZeo 
exhibits a classical type I isotherm of microporous materials, characterized by immediate 
uptake at low relative pressure region (p/p0 < 0.01) followed by horizontal adsorption and 
desorption branches. In contrast, the Na-nZeo shows a type IV isotherm, with a large 
initial gas intake and a large H1-type hysteresis (Figure 57a-c).  As shown in Table 6, 
the micropore volume of Na-nZeo (0.31 cm3/g) is equivalent to that of Na-mZeo, 
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revealing a comparable crystallinity. The hysteresis indicates a presence of mesoporosity 
which must be textural and from the aggregate morphology of the nZeo observed in SEM 
(Figure 56) and TEM (Appendix E, Figure E1) images. The Na-nZeo has a total pore 
volume of 0.54 cm3/g, much larger than 0.34 cm3/g for Na-mZeo, due to the additional 
textural porosity. The BJH pore width distribution calculated from the desorption branch 
shows the mesopores as well as small macropores in the range of 10 – 100 nm (Figure 
57d-f). 
 
Figure 57. Nitrogen sorption isotherms (a-c) and pore width distributions (d-f) of parent 
Na-mZeo and Na-nZeo along with the Zn-mZeo and Zn-nZeo (a, d); Cu-mZeo and Cu-
nZeo (b, e); Fe-mZeo and Fe-nZeo (c, f). 
After the ion exchange, Zn-mZeo, Cu-mZeo, and Fe-mZeo exhibit a new 
hysteresis loop in p/p0 = 0.40 – 0.80 in their isotherms (Figure 57d-f). The hysteresis 
loops are responsible for the peaks centered around 4 nm in BJH pore width distribution 
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calculated from the adsorption branch (desorption branch has artificial peaks, Appendix 
E, Figure E2a-c). Zn-nZeo, Cu-nZeo, and Fe-nZeo show the same type of isotherms as 
the parent Na-nZeo, but with less gas adsorption at low relative pressure region (p/p0 < 
0.01) (Figure 57d-f). The BJH total pore volume of Zn-mZeo and Zn-nZeo are 0.34 and 
0.49 cm3/g, respectively, which are comparable to 0.34 and 0.54 cm3/g of the parent Na-
mZeo and Na-nZeo (Table 6). However, the micropore volumes of Zn-mZeo and Zn-
nZeo are 0.23 and 0.25 cm3/g, respectively, which are lower than the values before the 
ion exchange. The decrease in the microporosity may indicate a partial amorphization of 
the zeolite framework during the ion exchange process. It has been previously reported 
that Zn ion-exchanged zeolite X undergoes dealumination of framework and subsequent 
re-organization to remove the resulting vacancies generated when subjected to 
dehydration process (for example, the degassing at 300 °C under vacuum for the gas 
sorption analysis).165 Metal ion size is unlikely a contributing factor to the lowered 
micropore volumes as Zn ions have smaller ionic radii than Na ions (0.74 and 1.02 Å, 
respectively, with CN = 6).166 
The micropore volume was reduced more severely after Cu ion exchange than 
after Zn ion exchange (0.11 cm3/g for Cu-mZeo and 0.20 cm3/g for Cu-nZeo), while the 
total pore volumes were reduced only slightly (Table 6). Partial amorphization could 
have occurred during the ion exchange process, as in the case of Zn ion-exchanged 
zeolites. However, PXRD patterns showed that the crystallinity was retained after Cu ion 
exchange, and hence the loss of micropore volume may not be entirely due to the collapse 
of zeolite structure, but rather due to degassing-mediated reduction of Cu2+ to Cu+ and 
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subsequent clustering of the metal ions that block the micropores.167 Unlike Cu ion 
exchange, Fe ion-exchange reduced the micropore volumes in both Fe-mZeo (0.12 
cm3/g) and Fe-nZeo (0.13 cm3/g) (Table 6). Similar to Cu ion-exchanged zeolites, 
amorphization might have occurred during the ion exchange process, as micropore 
volumes of 0.12 cm3/g for Fe-mZeo and 0.13 for Fe-nZeo were observed (Table 6). The 
decreased micropore volume could also be attributed to vacuum heating, causing 
migration of iron species and subsequent clustering that blocks the micropores.168 
7.3.2 Ion Release Characteristics of Ion-Exchanged Zeolites 
Table 6. Exchanged metal ion contents and pore characteristics of the zeolites.  
Sample 
Ion 
exchange 
(equiv%) 
Transition metal 
content SBET  
(m2/g) 
Smicro 
(m2/g) 
Vtotal  
(cm3/g) 
Vmicro  
(cm3/g) 
(mmol/g)a (wt%) 
Na-mZeo — 0 0 695 663 0.34 0.31 
Na-nZeo — 0 0 783 674 0.54 0.31 
Zn-mZeo 53.6 (0.5) 1.38 9.02 605 501 0.34 0.23 
Zn-nZeo 50 (1) 1.12 7.32 653 538 0.49 0.25 
Cu-mZeo 69.1 (0.8) 1.77 11.2 421 245 0.28 0.11 
Cu-nZeo 58.0 (0.8) 1.30 8.26 561 425 0.46 0.20 
Fe-mZeo 50.5 (0.2) 1.32 7.37 438 262 0.29 0.12 
Fe-nZeo 41.2 (0.2) 0.93 5.21 471 272 0.49 0.13 
aStandard deviations are shown in parentheses. 
Release characteristics of zinc, copper, and iron ions from the ion-exchanged 
zeolites were studied in terms of release efficiency in amount and time. Figure 58 shows 
the time-dependent metal ion release from ion-exchanged zeolite samples in saline 
solution (0.9% NaCl w/v) at different contact times. The overall ion release amounts are 
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larger for the zeolites exchanged with zinc ions than with copper ions. It has been 
indicated that Zn2+ is bound to the FAU framework less strongly than Cu2+ through local 
charge neutralization,169 consistent with the previous observations that the self-diffusion 
is faster for Zn2+ than Cu2+ in microchannels of zeolite X.170-171 As shown in Figure 58a 
and Table E1 (Appendix E), most of the exchangeable ions were released within 3 min 
for the Cu and Zn ion-exchanged zeolites, while no Fe ion release was observed for either 
Fe-mZeo or Fe-nZeo after 2 h. Zn-nZeo consistently released more zinc ions than Zn-
mZeo despite lower zinc loadings of 1.12 mmol/g and 1.38 mmol/g, respectively (Table 
E1 in Appendix E, Figure 58b). The release amount at 2 h was 0.81 mmol/g for Zn-
nZeo, which is 73.3% of the total loading (Table E1 in Appendix E, Figure 58b).  In 
contrast, the corresponding loading and release values for Zn-mZeo were 0.68 mmol/g 
and 50.3%, respectively (Table E1 in Appendix E, Figure 58b). Meanwhile, Cu-nZeo 
released more copper ions than Cu-mZeo during the 2 h observation period. At 
equilibrium, copper ion release was 0.47 mmol/g for Cu-nZeo, or 36.3% of the total 
loading (Table E1 in Appendix E, Figure 58b). In contrast, copper ion release was 0.23 
mmol/g for Cu-mZeo, which is half of the respective value for Cu-nZeo, and 12.3% of 
the total loaded copper (Table E1 in Appendix E, Figure 58b). These results are 
consistent with the previous Ag ion-exchanged zeolite studies in Chapter 6, whereby the 
nanostructured zeolite released more silver ions than microsized zeolite despite the same 
silver loading.95 In any event, superior release kinetics was apparent from this thesis work 
for nanostructured zeolite X with Ag, Zn, and Cu ions. It is worth mentioning that 
Demirci et al. reported the concentration of copper ion released from their ion-exchanged 
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microsized zeolite X samples in TSB would correspond to over 100 wt% release.149  
However, a previous report on the Na/Cu ion-exchange isotherm for zeolite X implies 
that zeolite X retains 60% of Cu2+ ions in a Na+ solution,169 and thus a complete release 
of the ions would have been challenging.  
Release of iron ions was not observed for either Fe-mZeo and Fe-nZeo, indicating 
strong interactions between iron ions and the zeolite framework. The iron ions might be 
chemically anchored to the zeolite framework via strong Si–O–Fe and Al–O–Fe 
bridges.168, 172 Alternatively, the iron species may exist as hydroxide or oxide forms, 
making them unexchangeable.168 Another possibility is that during the ion release 
experiments, the ferrous ions were oxidized to ferric ions which are not soluble in water. 
However, it is unlikely that iron would exist as part of the zeolite framework by replacing 
the Al sites without any further treatment.173  
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Figure 58. Zinc, copper, and iron ion release curves from ion-exchanged zeolites in 
saline solution (0.9% NaCl; w/v) at different contact times; (a) absolute release amount in 
mmol/g; (b) release amount in percentage of total metal ion loading; the concentration of 
the ion-exchanged zeolites was 1.0 mg/mL. 
For Zn and Cu, therefore, the superior ion release characteristics of the ion-
exchanged nZeo over their mZeo counterparts must be associated with the morphology 
(i.e., smaller primary particle sizes and larger surface areas) of the former. Not only can 
smaller particle sizes reduce the diffusion time due to the shorter diffusion path length, 
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but also larger external surface areas can provide more openings for the metal ions to 
come into or exit from the zeolite bodies. This enhancement effect would be more 
apparent for the ions that are bound strongly with the framework and with lower 
mobility. 34 Indeed, Cu-nZeo is observed to show a much superior ion release 
performance than Cu-mZeo, while the effect is less between Zn-nZeo and Zn-mZeo. 
These results are consistent with the behavior of the zeolites exchanged with Ag ions in 
the previous study (Chapter 6).95  
7.3.3 Antibacterial Activities of Ion-Exchanged Zeolites 
Table 7. Antimicrobial effects of the ion-exchanged zeolites. 
Sample 
2 h MBC 
saline 
(µg/mL) 
Ion equivalencya 
(mM) 
24 h MBC 
CAMHB 
(µg/mL) 
Ion equivalencya 
(mM) 
Zn-nZeo 512 0.572 >2048 > 2.287 
Zn-mZeo 512 0.705 >2048 > 2.819 
Cu-nZeo 32 0.042 >2048 > 2.675 
Cu-mZeo 64 0.113 >2048 > 3.610 
Fe-nZeo >10,000 >9.311 >2048 > 1.907 
Fe-mZeo >10,000 >13.072 >2048 > 2.677 
aMBC value based on the net metal ion content in mole. 
Zn-nZeo and Zn-mZeo were incubated with mid-logarithmic phase MRSA to 
determine antimicrobial efficacy. The MBC of Zn-nZeo and Zn-mZeo against MRSA 
was 512 µg/mL after 2 h incubation in saline (Table 7; Figure 59). Although the 
experimental conditions were different, Demirci et al.,149 reported zinc ion-exchanged 
microsized zeolites, at concentrations ranging from 512 to 2048 µg/mL, exhibited 24 h 
inhibition in TSB. Neither Zn-nZeo or Zn-mZeo (at concentrations ≤2048 µg/mL) 
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inhibited MRSA growth after 24 h incubation in CAMHB (Table 7). CAMHB is a 
nutrient-rich medium that contains excess organic molecules and anions with the 
potential to act as neutralizers, preventing Zn ions from killing cells. In contrast to 
CAMHB, saline contains only sodium and chloride ions and thus Zn ions remain 
dissolved in the solution to kill cells. Bactericidal activity was the same for both Zn-nZeo 
and Zn-mZeo (Table 7; Figure 59), despite ion release data showing a slightly larger 
amount of Zn ions released from Zn-nZeo compared to Zn-mZeo (Figure 58). The 
enhanced Zn ion release capacity of the Zn-nZeo compared to Zn-mZeo (Figure 58), 
coupled with similar antimicrobial efficacy while using fewer zinc ions (Table 7), is 
beneficial for reducing production costs. Although the killing activity of Zn-nZeo was 
less efficacious when compared to Ag-nZeo95 or Cu-nZeo (discussed below), Zn ions 
influence wound healing,154-155 and thus clinical applications could be advantageous. 
 
Figure 59. Killing kinetics of MRSA USA300 after exposure to (a) Zn-nZeo or (b) Zn-
mZeo. Zn-nZeo and Zn-mZeo were subjected to two-fold dilutions (2048 – 128 µg/mL), 
and suspensions were incubated in saline for 2 h. The hatched line signifies the limit of 
detection. 
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Figure 60. Killing kinetics of MRSA USA300 after exposure to (a) Cu-nZeo or (b) Cu-
mZeo. Cu-nZeo and Cu-mZeo were subjected to two-fold dilutions (64 – 4 µg/mL), and 
suspensions were incubated in saline for 2 h. The hatched line signifies the limit of 
detection. 
After incubation of the mid-logarithmic phase MRSA in saline for 2 h, the MBC 
for Cu-nZeo was 32 µg/mL, which is half the MBC for Cu-mZeo (Table 7, Figure 60). It 
is noted that despite a lower loading of Cu ions in Cu-nZeo than in Cu-mZeo, the former 
released about twice as many Cu ions as the latter (Figure 58; Appendix E, Table E1). 
Such material efficiency is valuable for reducing production costs, which is important for 
future applications.149 The Cu ion-exchanged zeolites showed MBC values lower in 
saline than what was reported by Demirci et al.149 (24 h inhibition concentrations ranging 
from 1024 to 2048 µg/mL in TSB), although they lacked antibacterial activity when 
incubated with MRSA in CAMHB for 24 h (Table 7). Although standardized procedures 
are lacking for testing inorganic materials and comparisons must be made with caution, 
Cu-nZeo was similar to or better than existing Cu-loaded zeolites generated for 
antimicrobial applications.149, 174-175 While the Cu-nZeo were less efficacious than Ag-
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nZeo,95 copper is commonly used in contamination prevention and is cheaper than silver. 
The potential applications are broad, and future studies could integrate Cu-nZeo into 
relevant final forms that are usable in practice. 
Fe-nZeo and Fe-mZeo were also incubated with mid-logarithmic phase MRSA 
and determined to be ineffective as an antimicrobial. Even at very high concentrations 
(10 mg/mL), Fe-nZeo and Fe-mZeo slightly reduced MRSA viability but failed to 
demonstrate bactericidal activity (Table 7, Figure 61). These results were consistent with 
the iron ion release experiments, which showed that iron released from the Fe-nZeo or 
Fe-mZeo was undetectable (Figure 58).  
 
Figure 61. MRSA USA300 viability after exposure to (a) Fe-nZeo or (b) Fe-mZeo. Fe-
nZeo and Fe-mZeo were subjected to decreasing concentrations (10,000 – 2,000 µg/mL), 
and suspensions were incubated in saline for 2 h. The hatched line signifies the limit of 
detection. 
Overall, the ion release performance of the ion-exchanged zeolites is directly 
correlated with the antibacterial efficacy of the materials. Cu-nZeo releases the Cu ions 
twice as much as Cu-mZeo and thus the MBC of the former is only half of the value of 
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the latter. That is, only one-half amount of Cu-nZeo is required to achieve the 
antibacterial efficacy of Cu-mZeo. Considering the positive effect of the nanoscopic 
morphology of the nZeo on the ion release performance, the superior antibacterial 
efficacy of Cu-nZeo must be due to the high surface area and small primary particle size 
of nZeo.  For Zn, however, the effect is not as drastic because the ion release kinetics 
would not be greatly dissimilar between Zn-nZeo and Zn-mZeo due to the weak 
interactions between Zn ions and the zeolite framework (see above). 
7.4 Concluding Remarks  
Comprehensive and comparative studies on porosity, morphology, ion release 
properties, and antibacterial performances are discussed for zinc, copper, and iron ion-
exchanged nanostructured zeolite X alongside microsized zeolite X ion-exchanged with 
the same ions for comparison. Superior ion release properties were observed for both zinc 
and copper ion-exchanged nanostructured zeolite X, validating the importance of 
nanostructuring for enhanced ion diffusion through zeolite pore channels.  The MBC for 
the copper ion-exchanged nanostructured zeolite X was half of the corresponding 
microsized zeolite X, which indicates a superior performance of the nanostructured 
zeolite. However, the antibacterial efficacy of zinc- and iron-exchanged nZeo did not 
show an improvement compared to the microsized zeolite counterparts. The results 
established nanostructured zeolite X as a superior host material for metal ion-based 
antimicrobials with rapid metal ion release characteristics and rapid killing activity. 
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CHAPTER 8 
8 SUMMARY AND FUTURE DIRECTIONS  
In summary, in the first big part (Chapter 3 – 5) of the thesis, we have seen the 
expansion of geopolymer chemistry to synthesize nanocrystalline zeolites with high 
quality, which includes the discovery and synthesis of highly crystalline nanorods of 
CAN zeolite framework structure that had not been achived before, the exploration of 
kinetic phase diagram of geopolymer hydrogels to have SOD, CAN and FAU 
nanocrystalline zeolites, and submicron-size LTA zeolite, and the unique formation 
mechanism of highly crystalline nanostructured FAU zeolite with intermediate gel 
products that possess an unprecedented uniform distribution of elements (Na, Al, and Si).  
This part of work has twofold significant contributions:  
(1) A new universal synthetic route based on high-concentration hydrogels has been 
developed for the synthesis of various types of high-quality nanostructured 
zeolites (the universality has been demonstrated by the success on the synthesis of 
nanocrystalline zeolite P, L, beta and ZSM-5. The synthesis of nanocrystalline 
zeolite beta as an example is presented in Appendix F).  
(2) The success of utilizing the geopolymerization process to synthesize 
nanostructured zeolites demonstrated a great potential of geopolymer chemistry 
for production of more important nanostructured aluminosilicate materials. 
In the second part of the thesis (Chapter 6 – 7), we have seen comprehensive 
studies on nanostructured zeolite X ion-exchanged with transition metal ions (Ag+, Zn2+, 
Cu2+ and Fe2+) for antibacterial applications, which includes metal ion release kinetics, 
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antibacterial properties against MRSA cells, and cytotoxicity and compared to the 
conventional micron-sized counterparts. The nanostructured zeolites have shown superior 
activities in the metal ion release and antibacterial performance. This part of work also 
has twofold contributions: 
(1) For the first time, the superior ion release (ion exchange) kinetics were confirmed 
for the nanostructured zeolites, which demonstrated the benefits of 
nanostucturization of zeolites in the application beyond catalysis and separation, 
more can be expected in many other areas.  
(2) The metal ion-exchanged FAU nanostructured zeolites were established as new 
effective antibacterial materials featuring their unique physiochemical, 
antibacterial, and cytotoxic properties. 
The significance of this thesis work is not limited to what has been achieved as 
summarized above, but also the implications of the outcomes that guide the future 
research work.  The interests of future directions are summarized in followings: 
(1) There are only fewer than 20 of zeolite framework structures have been 
successfully synthesized in the form of nanocrystals, more structures can be 
expected from the high-concentration route.  Nevertheless, the structures that 
synthesized from using organic structure-directing agents might have different 
formation mechanisms from the synthesis directed by alkali cations. 	
(2) Due to the nature of nanomaterials of geopolymers and the unique chemistry (in 
a simple term: gradual release of aluminate and silicate species to form ultrasmall 
aluminosilicate gel particles) at the early stages of geopolymerization process, 
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nanostructured organoaluminosilicate materials that beyond organosilica can be 
expected from geopolymer chemistry.  
(3) As the highly crystalline nanostructured zeolite X has shown more accessible 
cation sites than its conventional micron-sized counterpart, superior 
performances can be expected from nanostructured zeolite X in the accessible 
cation-governed separation applications, such as air separation with Li-X 
zeolites, removals of thiophene and its bulkier derivatives using Cu-X zeolites.  
(4) With much shorter diffusion path length and more accessible active sites than 
their conventional micron-sized counterparts, nanostructured zeolites have huge 
potential as catalysts and catalyst support in upgrading the renewable biomass to 
fuels and chemicals.  The nanostructured zeolite X, zeolite beta (both Brönsted 
and Lewis acids), ZSM-5 may play an important role in the many different 
catalytic reactions in this field. 
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Table A1. The properties of the products formed at 120 °C after various reaction periods. 
Samples 
SSABET 
(m2/g) 
SSAamicr
o (m2/g) 
SSAaext 
(m2/g) 
Vtotal. 
(cm3/g) 
Vamicro 
(cm3/g) 
Vbmeso 
(cm3/g) 
Si/Alc 
120 ºC-
0.5 h 
61.2 3.7 57.5 0.30 0.001 0.29 1.44 
120 ºC-1 
h 
174 21.4 153 0.82 0.008 0.81 1.24 
120 ºC-3 
h 
164 22.7 142 0.86 0.009 0.86 1.19 
120 ºC-6 
h 
142 22.8 120 0.90 0.009 0.89 1.24 
120 ºC-
24 h 
103 15.6 87.4 0.50 0.006 0.49 1.12 
120 ºC-7 
d 
54.9 7.1 47.7 0.26 0.003 0.26 1.20 
aFrom t-plot method 
bBJH desorption cumulative volumes 
cFrom PIXE (particle induced X-ray emission) 
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Figure A1. (a) The high-resolution TEM image of 120 °C-0.5 h product obtained under a 
low-dose electrons mode.  The particles with red boundary lines are CAN nanocrystals; 
(b) enlarged images of three CAN nanocrystals in (a) and their corresponding fast Fourier 
transform (FFT). Lattice fringes in (b) correspond to the (110) lattice planes of the CAN 
crystal structure. 
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Figure A2. Length (L) and width (W) distributions of the products formed at 90 °C and 
120 °C after various reaction periods.  
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Figure A3. TEM images of the products formed at 90 °C after various time periods of (a) 
0.5, (b) 1, (c) 3, (d) 6, (e) 24 and (f) 48 h. The corresponding size aspect ratio 
distributions for 3 h, 6 h, 24 h and 48 h products are given in (g). 
 
 
Figure A4. (a) Nitrogen sorption isotherms and (b) BJH desorption pore width 
distributions of the products formed at120 °C after various reaction periods. 
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Figure A5. Scanning electron microscopy (SEM) images of nanorods (120 °C-168 h 
product) from (a) a high-concentration dispersion (~0.6 wt%) and (b) a dilute dispersion 
(~0.1 wt%).  
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Figure A6. Powder X-ray diffraction (PXRD) patterns of 90 °C-1 h and 90 °C-1 h-18 d 
(no mother liquor) samples along with simulated patterns of CAN and SOD.  90°C-1 h-
18 d (no mother liquor) sample is obtained by heating the purified 90°C-1 h sample in DI 
water at 90 °C for 18 d.  The PXRD patterns are almost identical between 90 °C-1 h and 
90°C-1 h-18 d (no mother liquor) products.  Peak (*) is due to anatase impurity in 
metakaolin. 
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[SUPPORTING INFORMATION FOR CHAPTER 4] 
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Table B1. Nominal molar ratios of precursor mixtures with respect to Al, molal 
concentration (m) of NaOH, reaction conditions and product structure for the synthesis 
with the water mole fraction (x) of 0.70.  
Molar Composition 
x(H2O) 
NaOH 
Conc. (m) 
Reaction 
Condition 
Structure 
Na Al Si H2O 
4.0 1 1.0 14.0 0.70 18.5 90 °C, 6 h SOD 
2.0 1 1.0 9.3 0.70 13.3 90 °C, 6 h SOD 
3.5 1 1.5 14.0 0.70 15.9 90 °C, 6 h CAN+SOD 
2.5 1 1.5 11.7 0.70 13.3 90 °C, 6 h SOD+CAN 
2.0 1 1.5 10.5 0.70 11.7 90 °C, 6 h Amorphous 
4.0 1 2.0 16.3 0.70 15.5 90 °C, 6 h CAN 
3.0 1 2.0 14.0 0.70 13.3 90 °C, 6 h LTA+SOD+FAU 
2.0 1 2.0 11.8 0.70 13.3 90 °C, 6 h Amorphous 
4.0 1 3.0 18.7 0.70 13.3 90 °C, 6 h FAU 
4.0 1 3.0 18.7 0.70 13.3 90 °C, 24 h FAU+SOD 
3.0 1 3.0 16.3 0.70 11.2 90 °C, 6 h Amorphous 
3.0 1 3.0 16.3 0.70 11.2 90 °C, 30 h Amorphous 
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Table B2. Nominal molar ratios of precursor mixtures with respect to Al, molal 
concentration (m) of NaOH, reaction conditions and product structure for the synthesis 
with the water mole fraction (x) of 0.75. 
Molar Composition 
x(H2O) 
NaOH 
Conc. (m) 
Reaction 
Condition 
Structure 
Na Al Si H2O 
4.0 1 1.0 18.0 0.75 13.9 90 °C, 6 h SOD 
2.0 1 1.0 12.0 0.75 10.1 90 °C, 6 h SOD+LTA 
3.5 1 1.5 18.0 0.75 12.0 90 °C, 6 h SOD+CAN 
2.5 1 1.5 15.0 0.75 10.1 90 °C, 6 h LTA+SOD+FAU 
4.0 1 2.0 21.0 0.75 11.7 90 °C, 6 h SOD+CAN 
3.0 1 2.0 18.0 0.75 10.1 90 °C, 6 h FAU 
2.5 1 2.0 16.5 0.75 9.1 90 °C, 6 h FAU 
2.0 1 2.0 15.0 0.75 7.9 90 °C, 6 h Amorphous 
4.0 1 3.0 24.0 0.75 10.1 90 °C, 6 h FAU 
3.0 1 3.0 21.0 0.75 8.5 90 °C, 6 h Amorphous 
4.0 1 4.0 27.0 0.75 8.9 90 °C, 6 h Amorphous 
4.0 1 4.0 27.0 0.75 8.9 90 °C, 24 h Amorphous 
3.0 1 4.0 24.0 0.75 7.4 90 °C, 6 h Amorphous 
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Table B3. Nominal molar ratios of precursor mixtures with respect to Al, molal 
concentration (m) of NaOH, reaction conditions and product structure for the synthesis 
with the water mole fraction (x) of 0.80. 
Molar Composition 
x(H2O) 
NaOH 
Conc. (m) 
Reaction 
Condition 
Structure 
Na Al Si H2O 
6.0 1 1.0 32.0 0.80 11.5 90 °C, 6 h SOD 
4.0 1 1.0 16.0 0.80 7.4 90 °C, 6 h SOD 
2.0 1 1.0 16.0 0.80 7.4 90 °C, 6 h LTA+SOD 
3.5 1 1.5 24.0 0.80 8.7 90 °C, 6 h SOD+LTA 
2.5 1 1.5 20.0 0.80 7.4 90 °C, 6 h LTA+FAU 
6.0 1 2.0 36.0 0.80 10.1 90 °C, 6 h SOD 
4.0 1 2.0 28.0 0.80 8.5 90 °C, 6 h FAU+LTA+SOD 
3.0 1 2.0 24.0 0.80 7.4 90 °C, 6 h FAU 
2.5 1 2.0 22.0 0.80 6.7 90 °C, 6 h Amorphous 
2.5 1 2.0 22.0 0.80 6.7 90 °C, 24 h FAU 
2.5 1 2.0 22.0 0.80 6.7 90 °C, 48 h FAU 
2.0 1 2.0 20.0 0.80 5.8 90 °C, 6 h Amorphous 
2.0 1 2.0 20.0 0.80 5.8 90 °C, 24 h Amorphous 
4.0 1 3.0 32.0 0.80 7.4 90 °C, 6 h FAU 
6.0 1 4.0 44.0 0.80 8.1 90 °C, 6 h FAU 
3.0 1 4.0 32.0 0.80 5.5 90 °C, 6 h Amorphous 
3.0 1 4.0 32.0 0.80 5.5 90 °C, 24 h Amorphous 
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Table B4. Nominal molar ratios of precursor mixtures with respect to Al, molal 
concentration (m) of NaOH, reaction conditions and product structure for the synthesis 
with the water mole fractions (x) of 0.73 and 0.85. 
Molar Composition 
x(H2O) 
NaOH Conc. 
(m) 
Reaction 
Condition 
Structure 
Na Al Si H2O 
4.0 1 1.0 16.3 0.73 15.5 90 °C, 6 h SOD 
4.0 1 1.5 16.3 0.73 15.5 90 °C, 6 h SOD+CAN 
3.0 1 2.0 16.3 0.73 11.2 90 °C, 6 h FAU+SOD 
3.0 1 2.0 34.0 0.85 5.1 90 °C, 6 h Amorphous 
2.0 1 2.0 28.3 0.85 4.1 90 °C, 6 h Amorphous 
3.5 1 1.5 34.0 0.85 6.0 90 °C, 6 h LTA+FAU 
2.5 1 1.5 28.3 0.85 5.1 90 °C, 6 h Amorphous 
2.0 1 1.5 25.5 0.85 4.5 90 °C, 6 h Amorphous 
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Figure B1 Powder X-ray diffraction patterns of metakaolin and the product heated at 90 
°C for 6 h from the precursor composition of 3.0Na:Al:3.0Si:16.3H2O (x=0.70); Peak (*) 
near 25° is due to anatase impurity in metakaolin. 
 
Figure B2 Powder X-ray diffraction pattern of the product heated at 90 °C for 6 h from 
the precursor composition of 2.0Na:Al:1.0Si:12.0H2O (x=0.75), along with the simulated 
patterns of LTA and SOD zeolites; Peak (*) near 25° is due to anatase impurity in 
metakaolin.  
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Figure B3 Kinetic ternary phase diagrams of products obtained at 90 °C for a reaction of 
6 h from the water content with the mole fraction of (a) 0.73 and (b) 0.85.  
 
Figure B4 Powder X-ray diffraction patterns of the products after a reaction at 90 °C for 
6 h from the precursor compositions of (A) 2.5Na:Al:2.0Si:16.5H2O (x=0.75); (B) 
4.0Na:Al:2.0Si:16.3H2O (x=0.70); (C) 4.0Na:Al:1.0Si:14.0H2O (x=0.70); (D) 
2.0Na:Al:1.0Si:16.0H2O (x=0.80), showing the (A) FAU, (B) CAN, (C) SOD and (D) a 
mixture of LTA and SOD.  Peak (*) near 25° is due to anatase impurity in metakaolin. 
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Figure B5 (a) Nitrogen gas sorption isotherm at 77 K for the sample (CAN) obtained 
from the composition of 4.0Na:Al:2.0Si:16.3H2O (x=0.70) heated at 90 °C for 6 h; (b) 
The corresponding BJH pore size distribution calculated from the desorption branch. 
 
Figure B6 (a) Nitrogen gas sorption isotherm at 77 K for the sample (SOD) obtained 
from the composition of 4.0Na:Al:1.0Si:14.0H2O (x=0.70) heated at 90 °C for 6 h; (b) the 
corresponding BJH pore size distribution calculated from the desorption branch. 
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Table C1. Pore properties and Si/Al (SAR) ratios of products obtained after various 
reaction periods at 90 °C and the reference NaX. Product name is composed of the reaction 
temperature, “-”, and the reaction period.  
Product 
SSABET 
(m2/g) 
SSAmicro 
(m2/g) 
SSAext 
(m2/g) 
Vmicro 
(cm3/g) 
Vmeso 
(cm3/g) 
Vtotal 
(cm3/g) 
Si/Al 
90 °C-0.5 h 47 4.6 42 0.00 0.25 0.25 1.52 
90 °C-1 h 41 3.1 38 0.00 0.19 0.19 1.53 
90 °C-3 h 50 22 28 0.01 0.13 0.14 1.52 
90 °C-4 h 219 171 48 0.08 0.13 0.21 1.46 
90 °C-4.5 h 477 339 138 0.16 0.24 0.41 --- 
90 °C-6 h 697 557 140 0.26 0.26 0.52 1.38 
90 °C-24 h 732 599 132 0.28 0.25 0.53 1.35 
90 °C-48 h 764 640 124 0.30 0.23 0.53 1.35 
Ref. NaXa 779 738 40 0.34 0.04 0.38 1.34 
aRef. NaX was synthesized from a precursor with the molar composition of 3.5Na:Al: 
1.5Si:90H2O (x = 0.94) at 75 °C for 4 days under a hydrothermal condition, using sodium 
aluminate and sodium silicate as the aluminum and silicon source, respectively. 
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Scheme C1 (a) Illustration of synthesis procedure and observed properties of the samples 
obtained after different reaction period for the system with a composition of 
2.5Na:Al:2.0Si:16.5H2O (x = 0.75) and (b) quenching experiment using D.I. water for 
time-evolution studies.  
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Figure C1 (a) low-magnification, (b) high-magnification scanning electron microscopy 
(SEM) micrographs; (c) low-magnification and (d) high-magnification transmission 
electron microscopy (TEM) micrographs of the product obtained a composition of 
2.5Na:Al:2.0Si:16.5H2O (x = 0.75)  at 90 °C after 48 hours. Inset in (c) is the fast Fourier 
transform (FFT) of the corresponding micrographs ([111] zone). 
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Figure C2 (a) Nitrogen gas sorption isotherms at 77 K for the product obtained from a 
composition of 2.5Na:Al:2.0Si:16.5H2O (x = 0.75) after the reaction at 90 °C for 48 h 
(black) and conventional micron-sized zeolite X with same Si/Al ratio (gray); (b) The 
corresponding BJH pore size distributions calculated from the desorption branch. 
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Figure C3 SEM micrographs of the products obtained from a precursor composition of 
2.5Na:Al:2.0Si:16.5H2O (x = 0.75) after the reaction at 90 °C for 0.5 h (a), 3 h (b), 4 h 
(c), and 6 h (d). 
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Figure C4 TEM micrographs of the products obtained a precursor composition of 
2.5Na:Al:2.0Si:16.5H2O (x = 0.75) after the reaction for 4.5 h at 90 °C. (a) Low-
magnification image shows the absence of gel-like particles with merely aggregate 
nanoparticles with clear crystal facets, and (b) high-magnification image shows the clear 
facets and highly ordered lattice fringes that indicates a high crystallinity of 
nanoparticles.  
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Figure C5 (a) 27Al and (b) 29Si solid state MAS NMR spectra of the products obtained 
from the precursor composition of 2.5Na:Al:2.0Si:16.5H2O (x = 0.75) after the reaction at 
90 °C for 0.5 h, 3 h, 4 h, and 6 h.   
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Figure C6 (a) HAADF-STEM micrograph of the products obtained from a precursor 
composition of 2.5Na:Al:2.0Si:16.5H2O (x = 0.75) heated at 90 °C after 30 min reaction 
and (b, c, and d) STEM-EDS elemental maps of the selected area (green square): Na 
(red), Al (green) and Si (navy), scale bar 20 nm.  
  
 214 
 
Figure C7 (a-d) HAADF-STEM micrographs of 30 min gel product obtained from a 
precursor composition of 2.5Na:Al:2.0Si:16.5H2O (x = 0.75) heated at 90 °C, showing 
the locations for the quantitative analysis of Si/Al ratios (SAR), the area of 20 ´ 20 nm2 is 
chosen to have reasonable signal-to-noise ratio of EDS spectra.  (e) A bar chart showing 
the SAR values of gel product at different locations in (a-d).  The average value is 1.57 ± 
0.22, consistent with the SEM-EDS result of 1.52 ± 0.02 for the locations with the area of 
2 ´ 2 µm2.  
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Figure C8 SEM micrograph of the product obtained from the precursor composition of 
2.5Na:Al:2.0Si:27H2O (x = 0.83) after the reaction at 90 °C for 48 h, showing 
microcrystallites.  
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Figure C9 STEM-EDS maps of Na (a), Al (b) and Si (c) of the gel products obtained 
from a precursor composition of 2.5Na:Al:2.0Si:16.5H2O (x = 0.75) after the reaction at 
90 °C for 15 min at a fast scanning (60 s) with Oxford Instruments X-MaxN 100TLE EDS 
detector, which show the homogeneous elemental distribution of Na, Al and Si. Scale bar 
is 10 nm.  
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Table D1. Elemental compositions of silver ion-exchanged faujasite zeolites  
Samples 
Ag 
(wt%) 
Si 
(wt%) 
Al 
(wt%) 
Na (wt%) 
Si/Al 
(mol/mol) 
Ref. 
Ag+-EMT 14 11.1 10.8 2.7 1.0 [1] 
AgY 9.7 — — 5.1 3.0 [2] 
AgX 9.8 — — 9 1.6 [2] 
AgY 13 — — — 3.4 [3] 
AgX 5.8 — — — — [4]  
nZeo 0 18.5 12.6 9.8 1.7 This work 
Ag-nZeo 23.9 15.9 9.2 0 1.7 This work 
mZeo 0 18.2 13.1 10.3 1.3 This work 
Ag-mZeo 24.1 13.2 10.7 0 1.2 This work 
[1] Dong, B.; Belkhair, S.; Zaarour, M.; Fisher, L.; Verran, J.; Tosheva, L.; Retoux, R.; Gilson, J.-
P.; Mintova, S., Silver confined within zeolite EMT nanoparticles: preparation and antibacterial 
properties. Nanoscale 2014, 6 (18), 10859-10864. 
[2] Ferreira, L.; Fonseca, A. M.; Botelho, G.; Almeida-Aguiar, C.; Neves, I. C., Antimicrobial 
activity of faujasite zeolites doped with silver. Micropor Mesopor Mat 2012, 160, 126-132.  
[3] Boschetto, D. L.; Lerin, L.; Cansian, R.; Pergher, S. B. C.; Di Luccio, M., Preparation and 
antimicrobial activity of polyethylene composite films with silver exchanged zeolite-Y. Chem 
Eng J 2012, 204, 210-216. 
[4] Kwakye-Awuah, B.; Williams, C.; Kenward, M.; Radecka, I., Antimicrobial action and 
efficiency of silver-loaded zeolite X. Journal of applied microbiology 2008, 104 (5), 1516-1524.  
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Table D2. Summary of r2 and standard of error of the estimate (SE) of seven kinetic 
models for silver ion release of different samples. 
Model 
                 Ag-mZeo                  Ag-nZeo 
r2 SE  r2 SE 
Zero order 0.7532 0.2223  0.6404 0.2802 
First-order 0.7787 0.1945  0.6943 0.2217 
Pesudo first-order (PFO) 0.8208 2.04896  0.9654 0.0622 
Second-order 0.8027 0.1263  0.7416 0.1818 
Pseudo second-order 
(PSO) 
0.9989 0.00569  0.9997 0.0013 
Elovich 0.9933 0.08037  0.9834 0.0788 
Intraparticle diffusion 
(IPD) 
0.9114 0.46358  0.8538 0.2989 
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Figure D1. Photographs of (a) the flow system and (b) the zero-length column sample 
chamber. The flow system has a zero-length column as the sample chamber through 
which Na+ ion solution passes at a constant rate. As the solution reaches the receiving 
beaker, the released Ag+ ion concentration is continuously measured with an Ag+ ion-
selective electrode (ISE). 
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Figure D2. Kinetics curve (Ag-nZeo, flow rate = 5.5 mL/min) fitting with various kinetic 
models including zeroth order, first-order, pseudo first-order (PFO), second order, pseudo 
second-order (PSO), Elovich and intraparticle diffusion (IPD).  
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Table E1. Amount of zinc, copper, and iron ions released from zeolites (1.0 mg/mL) in 
saline (0.9%, NaCl; w/v) for different contact times.  
Sample 
Metal ion 
contenta 
(mmol/g)  
Ion release amount (mmol/g); Release extent (%)a 
3 min 1 h 2 h 
Zn-mZeo 1.38 (1) 0.58 (3); 42.2 (21) 0.68 (2); 49.5 (17) 0.69 (2); 50.3 (9) 
Zn-nZeo 1.12 (3) 0.70 (3); 62.7 (26) 0.81 (3); 72.4 (29) 0.82 (2); 73.3 (27) 
Cu-mZeo 1.77 (2) 0.16 (2); 8.80 (89) 0.23 (1); 12.7 (4) 0.22 (1); 12.3 (3) 
Cu-nZeo 1.30 (2) 0.41 (1); 31.4 (12) 0.47 (1); 36.3 (12) 0.46 (2); 35.6 (13) 
Fe-mZeo 1.32 (1) 0.00 (0); 0.1 (0) 0.00 (0); 0.0 (0) 0.00 (0); 0.0 (0) 
Fe-nZeo 0.934 (4) 0.00 (6); 0.1 (1) 0.00 (0); 0.2 (1) 0.00 (0); 0.3 (1) 
aStandard deviations are shown in parentheses. 
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Figure E1 Transmission electron microscopy images of parent nanostructured zeolites 
(Na-nZeo) in (a) low and (b) high magnification ratios. 
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Figure E2 The BJH pore width distributions of (a) Zn-mZeo, (b) Cu-mZeo, and (c) Fe-
mZeo from both adsorption and desorption branches. The distribution curves from the 
desorption branch showed a very sharp peak, which is an artificial peak caused by the 
spontaneous evaporation of metastable pore liquid (due to the tensile strength effect).[1] 
[1] S. Lowell, J. E. Shields, M. A. Thomas and M. Thommes, Characterization of porous 
solids and powders: surface area, pore size and density, Springer Science & Business 
Media, 2012. 
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 227 
Zeolite beta is one of the few zeolites that is of major importance in industrial 
applications. Because of its three-dimensional architecture composed of intersecting 12-
ring channels with large pores in combination with strong acidic sites, its applications 
comprise selective fine chemical conversions and catalytic cracking reactions.  Due to the 
benefits of nanostructurization in the applications, attention has been paid to the synthesis 
of its nanocrystalline form with high quality in both academia and industry. There are 
many ways have been reported to synthesize nanocrystalline zeolite beta, including hard 
templating, dry-gel conversion, applying to stir during the crystallization. Herein, a 
simple synthesis is presented using the high-concentration method, which was developed 
in this thesis work. 
The materials for the synthesis include sodium hydroxide (NaOH, >98%, Sigma-
Aldrich) and tetraethylammonium hydroxide (TEAOH, 35% aqueous solution, Alfa 
Aesar). Fumed silica (CAB-O-SIL, 380 m2/g) and aluminum chloride hexahydrate 
(AlCl3·6H2O, Alfa Aesar) was used as the silicon and aluminum source, respectively. 
The nanocrystalline zeolite beta was obtained from the precursor mixture with the molar 
composition: 1.1Na2O: 9.2TEA2O: Al2O3: 44SiO2: 298H2O (H2O/SiO2 = 7). For the 
comparable studies to examine the effect of water content, the molar compositions for 
another two precursor mixtures are 1.1Na2O: 9.2TEA2O: Al2O3: 44SiO2: 590H2O 
(H2O/SiO2 = 13.5) and 1.1Na2O: 9.2TEA2O: Al2O3: 44SiO2: 866H2O (H2O/SiO2 = 19.5), 
respectively. 
The zeolite beta samples were synthesized by firstly dissolving aluminum 
chloride hexahydrate and sodium hydroxide into tetraethylammonium hydroxide 
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solution. After the complete dissolution, fumed silica was then added into solution and 
stirred (magnetic stirring 300 rpm) for one hour to form a homogeneous mixture. The 
mixture was subsequently transferred to a Teflon lined stainless-steel autoclave, the 
mixture then underwent the hydrothermal reaction at 160 ºC in a laboratory oven for 48 
hours. After reaction and cooling, the solid product in the suspensions was recovered by 
repeated cycles of washing and ultracentrifugation at 12,000 rpm for 30 min until the pH 
is around 8. The products were then dried in a lab oven at 90 °C overnight and ground 
and stored in sealed glass vials at room temperature for further use. The washed wet 
sample was directly used for DLS and TEM analysis, while PXRD and nitrogen sorption 
studies utilized the calcined samples (in the air at 550 °C for 6 h).  
 
Figure F1. Powder X-ray diffraction (PXRD) patterns of products obtained from 
precursors with different water content.   
PXRD patterns of the products obtained from different precursors are shown in 
Figure F1 and contain two major reflections at around 7.8° and 22.7°, which are 
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characteristic of beta (BEA) type zeolite with the intergrown structure of A and B 
polymorphs. No indication of impurities was observed in the XRD patterns of the 
samples. It is found that the diffraction peak at 22.7°, associated with the (302) reflection 
of zeolite beta, is gradually broadened with decreasing H2O/SiO2 from 19.5 to 7.0, which 
is an indication of the decreasing crystallite size of zeolite beta.  
 
Figure F2. (a) Nitrogen sorption isotherms and BJH pore size distribution (b) of samples 
obtained from precursors with different water content: (i) H2O/SiO2 = 7, (ii) H2O/SiO2 = 
13.5 and (iii) H2O/SiO2 = 19.5.  
Figure F2 shows the nitrogen sorption isotherms and corresponding pore size 
distribution of different zeolite beta samples. All the isotherms show more or less the 
same amount of nitrogen adsorption at the low-pressure region (p/p0<0.01), indicating the 
comparable microporosity and thus crystallinity.  However, the product (iii) with the 
highest water content (H2O/SiO2 = 19.5) exhibits a classical type I isotherm of 
microporous materials with no increase of adsorption in the higher-pressure region. In 
contrast, the product (ii) and (i) show a combination of type I and type IV isotherms, 
represented by a large H1-type hysteresis, indicating the presence of mesopores (Figure 
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F2a). The BJH desorption pore size distribution revealed the presence of mesopores 
(Figure F2b).  Moreover, the product (i) obtained from the precursor with lowest water 
content (H2O/SiO2 = 7) show much higher adsorption at the high-pressure region, 
indicating a much larger mesopore volume than other two products.   
Table F1. Pore properties and Si/Al ratio of samples obtained from precursors with 
different water content. 
Sample 
SSABET 
(m2/g) 
SSAmicro 
(m2/g) 
SSAext 
(m2/g) 
Vtot 
(cm3/g) 
Vmicro 
(cm3/g) 
Vmeso 
(cm3/g) 
Si/Al 
ratio  
H2O/SiO2=7.0 723 500 224 1.26 0.232 1.04 16.1 
H2O/SiO2=13.5 649 508 140 0.54 0.237 0.295 17.3 
H2O/SiO2=19.5 600 513 87 0.34 0.239 0.09 18.7 
 
The specific pore volumes and surface areas are listed in Table F1. It is worth 
mentioning that the product (i) obtained from the precursor with H2O/SiO2=7.0 shows 
the micropore volume of 0.23 cm3/g, which is much better than 0.18 cm3/g of commercial 
nanocrystalline zeolite beta, indicating the much higher zeolitic quality.  The external 
surface area is even higher too, with a value of 224 cm2/g, as compared to 200 cm2/g for 
commercial one. 
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Figure F3. Hydrodynamic diameter distribution of zeolite beta samples obtained from 
precursors with different water content: (a) H2O/SiO2 = 7, (b) H2O/SiO2 = 13.5 and (c) 
H2O/SiO2 = 13.5.  
All the zeolite beta samples show fairly uniform particle size distribution, as 
shown in the hydrodynamic size distribution (Figure F3). Their average hydrodynamic 
size are around 85 nm, 210 nm and 395 nm for the decreasing water content, respectively. 
These results are consistent with the observations from TEM (Figure F4). However, the 
particles for all the zeolite samples are the aggregates of nanocrystallites rather than 
single crystals.  
 
Figure F4. TEM images of samples obtained from precursors with different water 
content: (a) H2O/SiO2 = 7, (b) H2O/SiO2 = 13.5 and (c) H2O/SiO2 = 13.5.  
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In summary, nanocrystalline zeolite beta has been successfully synthesized from 
the high concentration hydrogels. The products exhibit much higher zeolitic quality than 
commercial nanocrystalline zeolite beta. The effect of water content on the particle size 
of the zeolite product was observed, which confirmed the applicability of the high-
concentration hydrogel method to synthesize the nanocrystalline zeolites.  
